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SUMMARY

The vapour phase dehydration of ethanol, isopropanol 
and n-butanol over zeolites 13X> 4A and ZNa and the 
synthetic cation exchange resin Dowex 50-X-8 has been 
studied in a continuous stirred gas solid reactor covering 
a wide range of experimental conditions.

Both principal products, ether and olefin were 
produced. The kinetic, data, procured, have been satisfactorily 
correlated both with the empirical, power function and the 
Hougen-Watson type of rate, expressions.. For the former 
type of correlation, reaction orders, activation energies 
and pre-exponential factors. fo.r both simultaneous reactions 
were established for each zeolite and each aleohol. The 
kinetic data on the dehydration of alcohol over the 
synthetic cation exchange resin were also satisfactorily 
correlated by power function rate equations. But the 
activation energies and pre-exponential factors obtained 
were markedly different,from, those for zeolites because of 
the effect of the adsorption process.

Qualitative and statistical considerations were used 
to discriminate among different Hougen-Watson models. The 
rate expression based on surface reaction controlling was 
found to satisfactorily fit the kinetic data. The kinetic 
and adsorption parameters in the Hougen-Watson rate 
expression have been satisfactorily correlated as functions 
of reaction temperature.



The activity and selectivity of the zeolites have 
been systematically investigated. The activity pattern 
was explained in terms of surface area, pore size and 
acidic and basic strength. The. importance . of geometrical 
shape on selectivity was clearly demonstrated.

The synthetic cation exchange resin was found to be 
suitable for the exclusive production of di-ethyl ether 
from the dehydration of ethanol. However both di-iso- 
propyl ether and propene were formed from the dehydration 
of isopropanol under the reaction conditions studied.

The sequences of the reactivity and activation 
energy of the alcohols... were, explained in terms of an 
inductive effect and. a positively charged intermediate 
complex. The order of reactivity of alcohols for all the 
catalysts used was

2 - Cj > > Gg

Activation energies and,pre-exponential factors were 
satisfactorily correlated with an empirical relationship 
called the ’compensation effect.’. Molecular shape 
selectivity, that is selectivity of the same catalyst 
between two molecules.of different shapes, was assessed.

Product distribution from the dehydration of n-butanol 
was investigated to gain,insight of the reaction mechanism. 
The formation of 2-alkenes ( cis-2-but.ene and trans-2-butene)



in the absence of isomerization reactions during the 
catalytic dehydration of n-butanol over zeolites is 
unambiguous evidence in favour of a positively charged 
intermediate, indicating that the reaction proceeds via 
a El type of mechanism. Experimental, data also showed the 
preferential formation of cis-2-butene. over that of 
trans-2-butene.

Fixed bed reactor behaviour was simulated using one 
and two dimensional pseudo-homogeneous isothermal models 
to test the adequacy of the rate expressions established 
for the dehydration of isopropanol over zeolite 13X. 
Experimental conversion data were gathered from a packed 
tubular reactor. The. experimental data agreed fairly:'/ 
well with the predictions of the models.
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CHAPTER 1

MECHANISM, THERMODYNAMICS AND KINETICS OF THE PRODUCTION 
OF LIGHT OLEFINS AND ETHERS FROM THE DEHYDRATION OF

ALCOHOLS.

I.l Introduction

Reaction kinetic studies provide some of the vital 
information which are needed for the design of catalytic 
reactors. A more thorough understanding of the reaction 
routes, mechanisms and a knowledge of reliable kinetic 
models can lead to better and safer process development 
and design.

The purpose of this work is to study the kinetics 
of the production of light olefins and ethers from 
alcohols over selected solid catalysts. Such studies 
would lead to the development of useful kinetic model 
equations and the selection of better catalysts for the 
alcohol—based chemical industries.

Although the catalytic dehydration of some alcohols 
over solid catalysts have been reported in literature 
(1-6), doubts still exist on reaction routes and 
mechanism. Kinetic data for some solid catalysts are 
still within very limited reaction conditions. In the



case of the dehydration of n-butanol, product distribution 
has not been studied in great detail. The present investi
gation is therefore focused on some of the controversial 
or missing aspects so as to supplement, confirm or 
contradict what is known in literature.

Light olefins (C^ - C^) are basic and important 
industrial products which are produced at an annual rate 
of millions of tons in Western Europe (7). They are 
valuable starting raw materials for the production of 
high octane alkylates and other commercially useful 
chemicals. For example, ethylene is. used for the 
production of poly-vinyl chloride (PVC), ethylene glycols, 
ethylene oxides, etc.

Conventionally, light olefins are produced via steam 
cracking of naptha. In some developing countries where 
there are scant petroleum sources, there may however be 
abundant supply of alcohols from fermentation processes.
The production of olefins can be achieved economically 
by the catalytic dehydration of alcohols in small plants. 
This method of olefin production has already been achieved 
in India, Pakistan, Peru, Brazil, Australia and East 
Germany (8).

Ethers can be produced commercially from alcohols by 
passing evaporated alcohol over solid catalyst in a fixed



bed or a mixture of alcohol and acid through a tubular 
reactor. The latter method has problems with separation 
of products, unreacted alcohol and acid solution catalysts, 
as well as problems of corrosion of process equipment.
Hence the study of the former process is of more practical 
interest.

It is hoped that the present study will make some small 
contribution towards the development of processes for 
producing olefins and ethers by the catalytic dehydration 
of alcohols.

1.1.1 Layout of the Thesis.

This thesis discusses theoretical and experimental 
work on the catalytic dehydration of alcohols.

Chapter one reviews the literature in the field of 
dehydration of alcohols over solid catalysts. Attention 
is paid to ethanol, isopropanol and n-butanol over solid 
catalysts of interest.

Chapter two discusses the experimental equipment and 
operation. The basic principles o'f the continuous stirred 
gas solid reactor, CSGSR, analysis procedure and safety 
considerations were discussed.

The modelling of dehydration reaction kinetics 
according to the empirical power function law and the



Hougen-Watson approach is presented in chapter 3.

The kinetic data from the CSGSR on the dehydration of 
alcohols are fully discussed in chapter 4« This chapter is 
divided into three sections; general considerations, results 
and discussion of alcohols over zeolites and results and 
discussion of isopropanol and ethanol over synthetic exchange 
resin.

Chapter 5 considers the use of product distribution 
for mechanistic studies, the importance of geometrical and 
molecular shapes on selectivity, the influence of zeolite 
properties on catalytic activity and the reactivity of alcohols.

Chapter 6 reports the simulation of the behaviour of 
an isothermal tubular reactor. The predictions of pseudo- 
homogeneous isothermal models are compared with the experimental 
conversion data procured from an isothermal fixed bed reactor.

Whenever appropriate, a summary or major conclusions 
are presented at the end of a chapter. Major conclusions 
of the present work and recommendations for further studies 
are also presented in chapter 7 .



1.2 Reaction Mechanisms

1.2.1 Mechanism for the Formation of Olefin.

The catalytic dehydration of alcohol to olefin is a 
typical example of elimination reactions which can be 
represented as

R^CH^COHR^ ;==^ R^GH = CHRp + H^O 1.1

The mechanisms of elimination reactions, with particular 
reference to the catalytic dehydration of alcohol in solution 
and in vapour phase, have been extensively reviewed by Pines 
and Manassen (l), Venuto and Landis (2) and Emmett (3) and 
have been discussed in (10). Noller et al (11, 12) have 
also given an extensive review of elimination reactions 
over polar catalysts.

Three different types of mechanisms have been proposed 
for the elimination reactions, which lead to the formation 
of a double bond, in an organic molecule. They are called 
El, E2 and ElcB mechanisms.

The dehydration reaction via El mechanism is a two-step
process. . The C-X bond is broken first and an intermediate 
carbonium ion is produced. The E2 type of mechanism involves 
the simultaneous abstraction of hydrogen atom from the 
3-carbon atom by the basic site and the abstraction of 
electronegative species from the a-carbon atom by the paired 
acidic site. ElcB (cB = conjugate base) is referred



to as 'step wise E2 mechanism'. It is also a two step 
mechanism, but C-H bond is broken first and an intermediate 
carbanion is formed.

The type of mechanisms that an elimination reaction 
may follow depends on the following factors (10, 11, 12).

a) The easier the electronegative, species. X can be removed, 
the more the mechanism shifts towards El type. The ease of 
removal of the electronegative, species is a function of the 
heterolytic C-X bond, dissociation energy and substituted 
group at a and 3 carbon atoms.

b) The type of catalyst site involved: Catalyst surface
with higher electron pair acceptor or that which is capable 
of losing a proton favours the El type mechanism.

c) Reaction temperature: Increasing reaction temperature
shifts the elimination reaction mechanism towards the El type

1.2.2 Mechanism for the Formation of Ether.

The catalytic dehydration of alcohol to ether can 
proceed according to two types of mechanism:

a) Langmuir-Hinshelwood mechanism (LHM).

b) Rideal-Eley mechanism (REM).



LHM is the reaction of two adjacently chemisorbed 
alcohol molecules on the catalyst active sites. LHM can 
be considered to proceed according to

AS + AS ^  ES + WS 1.2

This type of mechanism has been proposed by Jain 
and Pillai (13).

The Rideal-Eley mechanism proposes that a chemisorbed 
alcohol molecule reacts with an alcohol molecule in the 
gaseous phase in the presence of a vacant active site 
adjacent to the adsorbed molecule. This can be written as

AS + A + S -----  ES + WS 1.3

There is still no conclusive experimental work to 
discriminate between these mechanisms for the formation of 
ether. Most conclusions on reaction mechanisms for the 
formation of ether are based on kinetic analysis. But 
kinetic analysis is not neccessarily a useful method for 
the elucidation of the mechanism of a reaction. An 
interesting discussion on this has been given' by Knozinger 
et al (18). A powerful tool for mechanistic studies is the 
use of deuterated reactant or product distribution. The 
former has been reported by Thomke et al (19,20). The 
latter is used in this study.



1,3 Chemical Reaction Thermodynamic Equilibrium Constant.

The principal simultaneous chemical reactions involved 
in the dehydration of alcohols can be represented by the 
following equations:

2 A ^  E + W 1.4

A -̂---- 0 + W 1.5

Reactions 1.4- and 1.5 are exothermic and endothermie
respectively. Therefore the thermodynamic equilibrium
constant of reaction 1.4- or 1.5 decreases or increases with
increasing temperature according to Van’t Hoff law. In the
present work these constants K have been estimated ateq
various temperatures using the. thermodynamic data (Gibbs 
free energy) of Stull et al (22). When correlated as a 
function of temperature, the equilibrium constant followed 
the form

In K = In a + b/T 1.6eq

The values of a and b are summarised in Table 1.1. Figures
1.2 and 1.3 show the temperature dependence of K for theeq
dehydration of alcohols to ethers and olefins, respectively. 
The correlated equation, obtained in the present study, 
using Stull et al (22) data, for the dehydration of 
ethanol to di-ethyl ether agrees perfectly well with the 
equation of Kabel and Johanson (21).



Dehydration of Ethanol, n-Propanol, Isopro
and n-Butanol to Ethers or Olefins.

Keq = a^Expfb^/T)

Alcohol Product a b xlO-3

Ethanol olefin 5.410^ -5.6
ether 3.1 10'^ 2.8

n-Propanol olefin 9.510^ • 4-
ether 2.1 10"2 2.1

Isopropanol olefin 48 10^ -6.2
ether 1.110-2 1.7

n-Butanol olefin 9.710& “4 • Q
ether 2.410-2 3.0
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The In K versus l/T curves suggest the following: eq

a) The ease of ether formation by the dehydration of 
alcohol follows the sequence

n-butanol > ethanol > n-propanol > isopropanol

b) The formation of ether from a branched alcohol is less 
favoured thermodynamically than that from its straight 
chain isomer.

c) For these alcohols the formation of olefin would be 
preferred to that of ether as temperature increases, 
because the equilibrium constants of the reaction leading 
to the formation of ether are smaller.

1.4- Review of Kinetic and Product Selectivity Studies.

1.^.1 The Reaction Scheme.

Despite the fact that there are considerable experimental
data in literature on the catalytic dehydration of alcohols,
the reaction route still remains as a controversial subject 
(8, 23, 24). The two conflicting reaction routes (25, 26, 27)
proposed in literature for the dehydration of alcohols are:

a) Consecutive reactions

2 A ----------+ W/-- — ^ 2 0 + 2 W 1.7



10

b) Simultaneous reactions

+ W
2 A 1.8

+ 2 W

The sole reason for the choice of reaction route a) 
was based on the observation of a maximum in the 
production of ether as a function of contact time. Such 
maximum can occur if ether is the intermediate product. 
However reaction route b) can also lead to the same product 
distribution (27). The observed effect of the addition of 
ether on the rate of formation, of olefin (33, 35) also 
favoured the latter reaction route.

Recently, a consecutive-simultaneous reaction scheme 
was proposed by Butt et al (32) and Knozinger and Kohne (36) 
The proposed scheme can be represented by

I ^2 I A + 0 + W 1.9
2 0 + 2

This reaction scheme can satisfactorily explain any product 
distribution. But it makes the dehydration reaction very 
complex and the scheme is of little use for design purposes.

Many workers (28, 29, 30, 31) have also reported 
product distribution as a function of temperature. The 
production of ether also goes through a maximum as the 
temperature increases. The product distribution appears to 
be the same for all alcohols except that the maximum
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production of ether occurs at different temperatures. T o r  
ethanol, three regimes have been observed:

a) At low reaction temperature, < 250°C, di-ethyl ether was 
the principal product,

b) In an intermediate temperature range, 250 - 350^0, both 
di-ethyl ether and ethylene were produced at about equal amounts

c) At high temperature, > 350^0, ethylene was the only product.

On the basis of the observed product distribution an extension 
of the consecutive reaction was proposed (28), with the 
production of ether and olefin through the same intermediate 
product-called alkoxide. However Knozinger et al (37) have 
shown that dehydration of ethanol to di-ethyl ether and 
ethylene were not through the same intermediate.

It should be pointed out that product distribution is 
not neccessarily a useful method for the elucidation of 
reaction scheme. In the analysis of product distribution 
(25, 26), the influence of a possible reverse reaction of 
formation of alcohol from ether and:water had been competely 
neglected. That is the role of water had not been taken into 
consideration,

1.4.2 Kinetics and Produc:t' Selectivity.

Tables 1.2, 1.3 and 1.4 summarise the kinetic and 
product selectivity studies on the dehydration of ethanol, 
isopropanol and n-butanol, respectively.
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The power function rate expression has not been 
conclusively developed to account for rate data at both 
low and high alcohol concentrations. At low concentration 
the apparent order of reaction was usually found to be one.
The reaction order was invariably zero or tending to zero at 
high alcohol concentration. The results in literature also 
show that the reaction order.with respecttto alcohol varies 
slightly with temperature.

Table 1.2 shows that the Hougen-Watson type of rate 
expression has been used to correlate the kinetic data on 
the dehydration of ethanol. Kinetic data on the dehydration 
of isopropanol and n-butanol are very limited. A rate 
retarding effect has been observed by many workers (38, 33, 35) 
This effect is believed to be due to strong adsorption of 
alcohol and water on the catalyst surface. The adsorption 
equilibrium constants were found to decrease in the following 
order

%  > > Kg = Kg

at all temperatures. Olefin and ether are the most weakly 
adsorbed species.

Tables 1.2, 1.3 and 1.4 also give the apparent activation 
energies for the dehydration reactions over different catalysts 
The values of activation energies vary widely. Factors that 
can affect activation energies are reaction regimes, type 
of catalyst and alcohol.
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With regard to Tables 1.2, 1.3 and 1.4» surface 
reaction has been consistently observed, in literature, as 
the controlling step.

Acid and basic sites hve been used to explain the 
mechanism of dehydration of alcohols. Acid sites are 
considered by many to be responsible for the reactions, 
although both acidic and basic sites have also been held 
responsible by some.

Product selectivity of the dehydration of ethanol has 
been studied (44» 45). However, there is no corresponding 
work on the dehydration of isopropanol and n-butanol over 
zeolites. The variation of product selectivity over 
different zeolites has been attributed to the difference in 
pore sizes (44, 45). Pore size imposes restrictions on the 
diffussion or movement of. reactant and/or product in out of 
the pores.

The reactivity of alcohols over solid catalyst has been 
found to be a function of the alcohol chain length (73, 74) or 
branching (62, 72). Increasing alcohol chain length was 
found to increase the.rate of formation of olefin. However, 
its effect on the rate of formation of ether is not well 
understood. Increasing alcohol branching was also found 
to increase the rate of formation of olefin. These 
observations suggest that the dehydration reaction proceeds 
through an ionic mechanism. They also support the suggestion 
of increasing stability of carbonium ion formed from alcohol 
as a result of losing a hydroxyl group.
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1.5 Catlysts.

Table 1.5 gives the physico-chemical properties of 
these catalysts. Additional information on chemical properties 
properties, physical characteristics and applications can 
be found in literature (80 - 86).

1.5.1 Zeolites.

Zeolites have been increasingly used as commercial 
catalysts because of their selectivity. Organic reactions 
of commercial importance which are catalysed by zeolites have 
been reviewed hjr Veniito and Landis (2) and Minachev (99).
The two important physico-chemical properties to this study 
are pore size and acid strength.

The location of catalytic sites are: mainly within the 
pore structure. The reactivity of reactants depends on the 
accessibility of the reactants to the catalytic sites. But
access to these sites depends on cage size and reactant 
dimension and structure. The order of cavity size of the 
zeolites used in the present work is

13X > ZNa > 4A

The pore structure of 13X and 4A are roughly spherical 
while that of ZNa is made up of tubes of elliptical sections.

Catalytic activity has been.correlated with acidity (43). 
The acidic or basic strength of the zeolites can be measured 
by the ratio of SiO^ to Al^O^. Al2Ü^ and Si02 are on
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opposite sides of water when they are arranged in order of 
decreasing basicity. Hence the order of acidic strength of 
this zeolites is

ZNa(lO) > 13X(2.6) > 4a(2.0)

where the number in the bracket is the ratio SiO^/Al^O^

1.5.2 Ion-exchange Resin.

Ion-exchange resins have been found (90) to be 
effective catalysts for some organic reactions having a low 
temperature activity. The operation of a catalytic reactor 
at low temperature does not only.'save energy, it also inhibits 
homogeneous cracking and isomerization side reactions, which 
are typical organic reactions at high temperatures. Ion-- 
exchange catalyst would probably last longer because rapid 
deactivation of catalyst by carbon deposition is greatly 
reduced at low temperature. Furthermore an ion-exchange resin 
is particularly good for some organic reactions which are 
affected by equilibrium at high temperature. A typical 
example is the dehydration of alcohol to ether.

Ion-exchange resins are solid substances which possess 
exchangeable cations or anions. A typical example is the 
cross linked styrene-divinyl benzene (SDVB) with sulphonic 
acid groups (SO^H) which are introduced to SDVB after 
polymerization by treatment with concentrated sulphuric acid. 
The structure of SDVB used for this work is shown in Table 1.5.
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This type of ion-exchange resin has been used as a catalyst 
for the dehydration of alcohols (33» 4-6 - 56). Its framework 
is made up of a matrix consisting of an irregular macro- • 
molecular three dimensional net-work of hydrocarbon chains.
The pore structure of this type of gel probably collapses
on drying, since the measured BET area of dried sample is

2 2 less than 2 m /g instead of about 45 m /g for the wet sample.
The characteristics of macro-porous ion-exchange resin has
been discussed by Kunin et al (91).

The sulphonic acid sites are the adsorption and 
catalytically active sites (34-* 44-» 92). Uniformity of active 
sites of the ion-exchange resin has been shown by many workers 
(34* 44* 92). This indicates the possible applicability of 
a Hougen-Watson type of rate expression for cation exchange 
resin.

1.6 Principal Conclusions in Literature.

Studies on the dehydration.of alcohols over solid, 
catalysts have been reviewed with emphasis on ethanol, 
isopropanol and n-butanol over ion-exchanger catalysts. The 
following conclusions can be made:

a) The dehydration of alcohols proceeds almost exclusively 
to two principal products: ethers and olefins.

b) Both consecutive and simultaneous reaction schemes and 
a combination of the two have been suggested for the 
dehydration reactions.
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c) A product distribution typical of two consecutive 
irreversible reactions has been observed with the formation
of ether going through a maximum. The maximum can also occur 
for a simultaneous reaction scheme if the ether formation 
reaction is reversible.

d) Acidic or both acidic and basic sites have been said to 
be responsible for the formation of olefins. But both acidic 
and basic sites have been suggested to be responsible for 
the formation of ethers.

e) Reaction mechanisms for the dehydration of alcohols to 
olefins over solid catalysts have been shown to be El and
E2 type. Factors affecting a shift in mechanism are: catalyst 
type, alcohol type and reaction temperature.

f) The rate controlling step has been widely observed to be 
that of surface reaction.

g) Reaction orders with respect to alcohol concentration 
vary between 0-2 and 0-1 for the formation of ether and olefin, 
respectively. However, it is generally agreed that both 
orders tend to zero.at high, alcohol concentration.

h) Apparent activation energies for both simultaneous 
dehydration reactions vary widely in literature (see tables 
1.2, 1.3 and 1.4). Factors affecting activation energy are: 
rate controlling regime, catalyst type and alcohol type
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i) The order of adsorption constants for the alcohol and 
the main products (water, ether and olefin) decreases 
according to

K . > K .  K., > K _water alcohol ether olefin

The rate of the dehydration are inhibited by water and 
alcohol only.

j) The order of reactivity of primary alcohols and 
branched alcohols are

°2  ̂ ^3  ̂   ^

and
primary < secondary < tertiary 

where n is the number of carbon atoms.
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CHAPTER 2

EXPERIMENTAL, APPARATUS AND OPERATION

2.1 Introduction

Experimental work on catalytic reactor processes is 
usually focused on two main aspects:

a) The development of a reliable kinetic rate expression 
which can predict conversion, yield and selectivity over a 
wide range of reaction conditions.

b) The development and selection of more selective, active 
and long-life catalyst for the reaction of interest.

The present study is devoted to these two goals for 
the production of olefins and ethers by the dehydration of 
alcohols. The activity and selectivity of zeolites (types 
A, Z, and X, all in sodium form) and synthetic cation 
exchange resin (poly styrene sulphonic) for the dehydration 
reactions will be systematically examined.

The vapour phase dehydration of n-butanol, iso-propanol 
and ethanol have been chosen for this work. By the use of 
zeolites, it is hoped that the influence of physico-chemical 
properties (acid strength and pore size) on catalytic
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selectivity and activity can be established. By the use 
of synthetic cation exchange resin, it is hoped that 
favourable reaction conditions can be found for the 
exclusive production of ethers.

The alcohols chosen are of different molecular shape
in terms of chain length and branching, so as to determine
molecular shape selectivity.

The kinetic data on the dehydration reactions were
obtained by using a spinning basket reactor. It is hoped
that the resulting kinetic rate expressions will be free 
from external physical transport effects. The rate 
expressions for the dehydration^ of isopropanol over zeolite 
I3X will be used for the analysis of results from a 
catalytic fixed bed reactor. Such analysis can be the 
basis for investigating possible effects of internal mass 
and heat transfer on the catalytic dehydration of alcohol 
reactions.

Figure 2.1 shows a schematic diagram of the equipment 
which was used for both spinning and fixed bed experiments.

2 .2 Selection of Reactor.

In the design of catalytic reactors, the chemical rate 
equation plays an important role. All physical parameters, 
such as effective diffusivity, effective conductivity.
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density of fluid for the reactor modelling can be estimated 
by using empirical correlations. But the chemical para
meters, such as kinetic rate constant, adsorption equili
brium constant and/or reaction order, are always based on 
experimental data, collected under carefully controlled 
conditions, for the particular chemical reaction being 
considered. Rate expressions of the power function or 
Hougen-Watson type can be formulated from probable reaction 
schemes. Before they can be used for the purposes of 
design, they must be verified by experimentation. Only 
those expressions which fit the experimental data well 
should be used.

Kinetic data for verifying the theoretically formulated 
rate expressions are usually procured in a flow or static 
reactor system. Continuous flow reactors are usually 
preferred because they allow for continuous sampling of 
the reactor effluent. Discussions on the types of 
laboratory reactors for gathering kinetic data can be 
found in literature (105, 106, 107, 110).

The dehydration of alcohol to olefin and/or ether has 
been studied in differential or micro catalytic reactor 
(34, 73, 74), recycle fixed bed reactor (73), fluidised 
bed reactor (108, 109) and static type reactor (62). The 
reactor for this study was selected so as to eliminate 
external transport effects.
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The type of reactor selected has little or no influence 
on the internal diffusional resistances. Some catalytic 
reactors, e.g. fluidised bed and continuous stirred gas 
solid reactors, permit the use of fine catalyst particles 
and therefore minimise internal transport resistances.
But design data are best obtained with catalyst particles 
in their commercial form. Internal diffusional effects 
can be accounted for by introducing an effectiveness 
factor into the rate expression. The influence of internal 
mass and heat transfer will be assessed at all reaction 
conditions in this study.

The type of reactor used influences product selectivity, 
since selectivity depends on reactant concentration. For 
example, in a continuous stirred gas solid reactor with 
complete mixing, the inlet reactant concentration is 
instantenously reduced to the outlet concentration, which 
is slightly smaller. Hence the selectivity for a product 
which has a higher dependence on reactant concentration 
would be reduced. The dehydration of alcohols to olefins 
and ethers are such examples.

In order to eliminate the effects of external mass 
and heat transfer, the conditions within the gas bulk 
must be equal to the conditions at the surface of the 
catalyst particles. The external concentration and 
temperature differences can be eliminated by using a high 
mass flowrate of reactant and diluent, or a high reactor
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spinning speed or a continuous stirred gas solid reactor 
under isothermal conditions.

The two types of reactors which are suitable for 
collecting kinetic data under isothermal conditions are:

a) Differential fixed bed reactor.

b) External or internal recycle reactor.

A detailed description of reactor types will not be 
given here, and only the salient features of each catalytic 
reactor important to this investigation will be discussed.

After careful consideration of the two types of reactors 
mentioned above, the latter was chosen. The most striking 
advantage of the latter is that integral conversion can be 
obtained and thus a high degree of analytical precision is 
not required. Better discrimination of possible rate 
expressions can also be achieved.

2.3 Basic Principles ..and .Features of CSGSR

The continuous stirred gas-solid reactor (CSGSR) is 
essentially a recycle reactor. Its recycle is internal, 
hence its problems do not lie within the recycle stream, 
as in the case of the external recycle reactor, but with 
its spinning devices.
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At steady state, the inlet flow into the reactor 
vessel is instantaneously mixed with the reactants and 
the products that are already in the pot. The chemical 
reaction rate depends on the conditions within the reactor 
vessel. The composition of the outlet' stream is the same 
as the composition of gas mixture in the reactor pot.
Hence a well-stirred CSGSR, in principle, has ideal charac
teristics. This type of reactor has been employed in the 
study of the kinetics of homogeneous (ill, 112) and 
heterogeneous (113-117, 120) reactions. A comprehensive 
table of studies on the kinetics of chemical reactions or 
mass and heat reansfers of non-reacting mixtures using a 
CSGSR has been presented by Doraiswamy and Choudhary (118).

This type of reactor was first proposed, developed and 
used by Carberry (110). Many workers (113-117, 119) have 
developed and used similar, or slightly different, types 
of CSGSR. The basic principle and the essential features 
of all types of CSGSR developed, so far, are the same. The 
main differences lie in the way in which the catalysts are 
packed or held.in the reactor and the mode of spinning.

Four loading arrangements have been reported (118).

a) Four rectangular or cylindrical paddle baskets.

b) Wire mesh circular basket
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c) Catalyst impregnated on reactor wall.

d) Stationary catalyst.

There are two modes of stirring:

a) The catalyst is rotated at a high speed in circulating 
gas .

b) The reacting gas is forced by an impeller, attached 
to the tip of the stirring shaft, to flow through the 
stationary or impregnated catalyst. The advantages and 
disadvantages of loading and stirring arrangements have 
been fully discussed in literature (118).

Carberry (110), Brisk et al (119) and Doraiswamy and 
Tajbl (107) gave the following as advantages of CSGSR over 
other laboratory reactors.

a) Chemical kinetics can be investigated under isothermal 
conditions because of good heat transfer from the reactor 
wall to the bulk gas and catalyst, due to perfect mixing. 
This suggests that hot or cold spots are eliminated.

b) The external mass and heat transfer at any given flow 
rate can be completely eliminated by operating at high 
stirring speed.
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c) Integral conversion is obtained in CSGSR, but the actual 
conversion per internal recycle, pass is differential.

d) At steady state, the chemical reacting rate can be 
easily calculated. The rate of reaction is given by the 
difference between the inlet and outlet flows divided by 
the mass of the catalyst employed.

F. X. - F .X .Rate = ..in ...III . out out 2.I
Wg

e) The catalyst particle size can be varied over a small 
range without affecting the mixing properties of the gas 
mixture in the reactor vessel.

The following disadvantages have been observed when 
operating CSGSR.

a) The catalyst surface temperature cannot be measured. 
Hence this type of reactor is not suitable for highly 
exothermic or endothermie reaction, where the gas 
temperature in the reacting vessel may be considerably 
higher or lower than the catalyst surface temperature. It 
is suitable only for chemical reactions which are accom
panied by low heat of reaction, such as the dehydration of 
alcohol.
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b) A large ratio of free volume to catalyst volume is 
always involved. This can promote non-catalytic homo
geneous reactions which may be taking place simultaneously 
with the catalytic reactions. These reactions are often 
not reproducible. The presence of a large surface in the 
reactor also enhances the rate of side reactions catalysed 
by the reactor surface. In the present study the presence 
of nickel or copper in the reactor wall can catalyse dehy
drogenation reactions. Dehydrogenation of alcohols over 
some solid catalysts has been observed (39, 67, 101, 57)

The stationary and impregnated catalyst types of CSGSR 
have larger ratio of voids to catalyst volume than those 
with the catalyst baskets attached to the stirring shaft. 
The design of CSGSR with a smaller ratio of void volume 
to catalyst volume approaching that which is obtained in a 
fixed bed reactor, would be very attractive.

c) The overall conversion, selectivity and yield in a 
CSGSR cannot be compared directly with the overall 
conversion, selectivity and yield in a fixed bed reactor.

d) The internal reactor structure (baffling arrangement), 
spinning speed, the flow rate and to a small extent the 
catalyst particle size all have influence on the mixing 
characteristics of gas mixture in the reactor vessel.
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2 Experimental Equipment.

Figure 2.2 shows a schematic representation of the 
equipment used for the dehydration of alcohols over ion 
exchangers in a gas-solid spinning basket reactor. The 
key to the figure is given on the next page.

The equipment can be divided into five different parts

a) Feed preparation unit.

b) Evaporation unit.

c) Reactor unit.

d) Analysis unit.

e) Effluent treatment unit.

2.1.1 Feed Preparation Unit.

2.1.1.1 Nitrogen Supply.

High purity nitrogen was supplied from a cylinder 
containing no impurities detectable by Gas-Liquid 
Chromatographic (GLC) analysis. It was dried by passing 
through a column containing zeolite 13X. This prevented 
the nitrogen gas from carrying moisture to the reactor.



29

The column was constantly regenerated to avoid complete 
saturation of the molecular sieves.

The mass flowrate of nitrogen was metered by a mass 
control valve (MFGl). The valve gave a constant mass flow
rate with constant inlet pressure even though the outlet 
pressure might vary. The inlet pressure was maintained 
constant by a pressure regulator (PR). The volumetric 
flowrate was measured by a bubble flow meter.

2.1.1.2 Alcohol Supply

The reactants (alcohols) are designated as high purity 
grades by British Drugs House (BDH) chemicals. Absolute 
ethanol was used. Their purity was higher than 99.5% as 
checked by Gas-Liquid chromatographic (GLC) analysis. They 
were used without further purification.

The alcohol was stored in a feed tank of one litre 
volume. The feed tank was equipped with a millimetre 
burrette which allowed for an accurate determination of 
the feed rate. The alcohol was fed into the piping system 
by using a positive displacement metering pump, equipped 
with variable speed drive and 5 to 1 capsule reduction 
gear box.

The feed rate was determined by closing valve (VI) and 
the pump pumped directly from the one millimetre burrette
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Key to Fig.2.2

1 1 Millmeter burrete
2 1 Litre feed tank
3 Cooler
U Metering pump, manufactured by Metering Pump Limited
5 Molecular sieve 13X column
6 Pre-heater
7 Spinning basket reactor. Supplied by Imperial 

Chemical Industry.
8 Spinning drive unit
9 Gas-Liquid chromatograph. Manufactured by Pye Unicam 

equipped with both FID dectector and amplifier.
10 Condenser
11 Condensate
12 Gaseous effluent 
V1-V8 Valves
TI Temperature indicator
PI Pressure indicator
SI Speed indicator
CW Cooling water
PR Pressure regulator
MFC Mass flowrate regulator
FI Flowrate indicator
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into the piping system. The time required to pump a chosen 
volume was determined with stop-clock. The feed rate was 
the average of at least three determined feed rates under 
any operating conditions. Examining a large number of 
feed rates determined during the experimental runs showed 
that the deviation from the mean was no more than 1.0%.
The error was largely due to the pulsation of the metering 
pump.

In the suction line of the pump, the alcohol feed 
flowed in a coil of copper tubing immersed in cooling water 
in a jacketted vessel at room temperature. This prevented 
the vaporization of the alcohol before reaching the pump 
head, hence avoiding vapour locking in the pump head. The 
alcohol was pumped through a check valve (V^) at the 
delivery line of the pump. This stopped the back flow of 
a mixture of vapourised alcohol and diluent-nitrogen.

2 .4- • 2 Evaporation .Unit ■

The alcohol feed and nitrogen were mixed at a tee- 
joint located close to the evaporator. The mixing of the 
two feed streams before the evaporator minimised the 
possibility of thermal cracking or decomposition of alcohol. 
It also enhanced the vaporization in the evaporation unit 
because the diluent-nitrogen was partially saturated with 
alcohol before entering the evaporator.
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The evaporator was heated electrically. The overall 
resistance was about 70 ohms. The voltage supply was 
controlled by a voltage varie. A low current of about
3.5 Amperes was used. A thermocouple well was located at 
the centre of the evaporator to measure the temperature 
of the fluid inside the evaporator. This temperature was 
a few degrees higher than the temperature of the feed 
stream which flowed in a coil of tubing enclosed in the 
evaporator. The evaporator raised the temperature of ’’the 
mixed feed from room temperature to nearly the reaction 
temperature. The temperature of the fluid in the evaporator 
was displayed by a Eurotherm temperature indicator. The 
temperature indicator displayed in whole numbers and the 
error in display value was about + 0.5°C.

The line between the reactor and sampling valve (V8) 
was about 4- metres. This line was maintained at relatively 
high temperature to prevent alcohol from condensing within 
the piping system. Heating of the piping system was 
achieved by electrical heating tape. The temperatures of 
the piping lines and sampling loop: were measured by thermo
couples placed between the heating tape and the outer 
surface of the tube carrying the reacting fluid.
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2.4.3 Reactor Unit

2.4 .3.1 Continuous.Stirred Gas Solid Reactor

The CSGSR used in this study was developed by 
Imperial Chemical Industries (ICI). It is similar to that 
discussed by Brisk et al (119). The difference is in the 
introduction of a purge line, which carries about 5% of 
the mixed feed stream into the reactor. Details of the 
reactor unit is shown in figure 2.3. The main components 
are reactor vessel, rotating shaft, the driving units and 
the catalyst basket. Figure 2.4 shows the details of the 
spinning baskets and chamber.

The flow of the mixture of reactant and diluent was 
split into three portions before entering the reactor.
Two bigger portions were fed into the reactor vessel at 
about the same level but on opposite sides of the vessel. 
The smallest portion was the purge, which was fed into the 
reactor at a higher level along the rotating shaft. This 
fraction prevented the reacting fluid from flowing upward 
along the shaft. The purge also prevented the condensation 
of effluent and the deposition of carbon or polymeric 
products along the shaft. If carbon or polymeric products 
were deposited on the rotating shaft, spinning would be 
affected. The catalysts were held securly in a circular 
basket attached to the shaft. The circular basket was 
used to minimise the free gas volume and hence homogeneous
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reactions, if any. The cruciform shown in figure 2 .4 
was not used in this study. The basket used in the present 
study was made of stainless steel and fine wire mesh 
which could hold catalysts of suitable size in place during 
the spinning. Catalyst of known weight was loaded evenly 
into the basket before an experimental run.

The total volume of thé reactor was about 50 cn? and 
the ratio of catalyst volume to free volume (including 
the voidage) varied with the type of catalyst used, but the 
minimum designed value was about 1:1 .2 .

The reactor was heated by a gas chromatograph oven 
with a forced circulation and built-in temperature control 
unit. The built-in temperature controller allowed the 
reactor to be maintained at constant temperature.

A thermocouple located in the reacting pot measured 
the fluid temperature. The catalyst bed temperature may 
be slightly different from that of the bulk fluid phase.
The estimated temperature difference between the catalyst 
bed and the bulk fluid phase is less than 1°C. A stainless 
sheathed chromel alumel thermocouple was used. The 
temperature was displayed on a digital temperature indicator.

The operating reactor pressure was kept at one bar 
gauge. It was indicated by a pressure indicator located 
at the outlet of the piping system. The error in the



1. belt drive groove- 9. thermocouples entries
2. outer magnet bearings 10. pressure tapping
3. upper bearing 11. inlet port

4. 0 ring seals 12. catalyst basket

5. outer magnet 13. reactor pot
6 . inner magnet 1^. baffles ■
7. reed relay 15. outlet port
8. lower bearing 16. purge point

Fig. 2.3 Spinning Basket; Reactor Including Stirrer
Drive Unit (110, 120) .
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3 2indicated pressure was less than 3.4- x 10 N/m (3%) • A 
major advantage in operating the catalytic reactor above 
atmospheric pressure is that it prevents ingress of air 
through leaks which would result in ignition.

Spinning of the shaft was achieved by an electric 
motor which drove the outer magnet. The outer magnet 
spun the inner magnet at the upper section of the shaft.
The magnetic coupling system prevented leakage of reactant 
and contamination of reactant and catalyst by the lubri
cating oil of the shaft. The bearing was continuously 
cooled by cooling water.

The selection of the spinning speed was determined in 
order to achieve perfect mixing and eliminate the influence 
of external mass and heat transfer on the rate of reaction. 
The latter effect could be checked by examining conversion 
at different spinning speeds, keeping other variables constant 
Figure 2.5 shows that for a flowrate of 100 to 150 ml/min, 
the spinning speed should be higher than 2,000 revolutions 
per minute (RPM) to obtain perfect mixing and eliminate 
external heat and mass transfer effects. A higher spinning 
speed may be required if the gas flow rates are higher.

Ford and Perlmutter (ll6) and Santacesaria et al (94.) 
showed that at 2,000 RPM or more, the rate of chemical 
reaction was not appreciably increased. This indicates



:2 -

W
E-tCpciI:3oHP

Badly mixed 
region

Well mixed 
jPegion____

Partly mixed 
region

2500 5000
STIRRER SPEED (rev/min)

(a)

wEh
pciI:sohPP-4

Partly mixed 
region

Badly mixed 
region /

2

1

region

0
0 2500 3000

STIRRER SPEED (rev/min)
(b)

Fig. 2.5 Mixing Characteristics of Gas Mixture in the 
Spinning Basket Reactor Vessel (119).
a) Circular basket and small reactor.
b) Cruciform basket and large reactor.



o

U]

500 1500 2500 3500 4500
S (rev/min)

Fig. 2.6 The Influence of Spinning Speed on the Rates 
of Formation of Olefin ( 'À ) and Ether (# ).



35

that effects of external mass and heat transfer are not 
significant at spinning speed of 2,000 RPM or more.
Figure 2.6 confirms this conclusion. The present kinetic 
data were gathered at spinning speeds between 2,000 and 
3,000 RPM.

The spinning speed was measured by a dry reed switch 
at about 2cm from a small magnet mounted on the outer 
magnet of the spinning shaft. As the magnet passed the 
reed switch, a counting circuit was completed. The number 
of times the counting circuit was completed per minute was 
transformed into number of revolutions per minute. The 
spinning speed was controlled by a voltage regulator, and 
displayed continously whenever‘the motor was running.

2.4.3.2 Packed Tubular Reactor

Integral reactors are commonly used in kinetic experi
ments. There are, however, heat and mass effects which 
have to be accounted for. Criteria for minimising heat and 
mass gradients in a fixed bed reactor will be discussed in 
chapter 6. Only those that are considered in the design 
of the fixed bed reactor used for this work will be 
discussed briefly here.

The integral reactor used was made of stainless steel 
tube of 1.03 cm internal diameter by 10.0 cm long. Spherical 
catalysts of 1-2 mm diameter were loaded by gravity through 
the top.
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According to Carberry and Wendel (122), if the bed 
length to pellet diameter ratio is greater than 50/l, axial 
mass transfer can be neglected. The bed length to particle 
diameter ratio of the reactor used in this work varied 
from lOO/l to 50/1, hence axial dispersion was not important. 
The reactor diameter to particle diameter ratio varied 
from 10.3/1 to 5.0/1 which yielded minimal radial heat 
and mass gradients.

The reactor was heated by the same oven used for the 
CSGSR. Two stainless sheathed chromel alumel thermocouples 
were located 7.00 cm apart in the catalyst bed. The average 
temperature in the bed was within +1°C of the desired 
reaction temperature. Figure 2.7 shows a schematic diagram 
of the fixed bed reactor unit. The diluent and reactant 
flowed through the U-tube system. . Down flow gas allowed 
for the preheating of the mixture to reaction temperature 
before flowing up through the catalyst bed.

A high flow rate, of the feed was used to minimise the 
external mass and heat, transfer effects. The effects of the 
external mass and heat transfer were assessed. The results 
of the assessment are shown, in appendix 6. The assessment 
indicates that effects of mass and heat transfer on 
reaction rate were negligible.

The total operating pressure was kept at one bar gauge. 
Inlet pressure was indicated by a pressure indicator. The



Fig. 2.7 Schematic■ Diagram, of; the Fixed Bed Reactor Unit 
PI Pressure indicator 
TI Temperature indicator
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3 2error in the indicated pressure was less than 3.4- x 10 N/m 
(3%).

2.4-.4- Sample Analysis

The analysis of the products is crucial to the whole 
study. The composition of the products was analysed by 
gas chromatography. Considerable effort and time were spent 
in finding the most appropriate procedure of analysis.

The reactor output stream line was heated with 
electrical heating tape to prevent condensation of gases in 
the tubings prior to sampling valve V8. Gas samples were 
taken via a manual gas sampling valve. The valve was always 
at the filling position. The volume of the gas sample in 
the sampling loop was about 0.5 ml. When analysis was 
required the sampling valve was manually turned to the 
injection position introducing a constant volume of gas into 
the carrier gas which flowed into the chromatographic 
column. High purity nitrogen was used as carrier gas.

Three types of packing materials were used to achieve 
the separation of all possible products from the alcohols. 
Porapak Q was used for the resolution of reaction products 
from the dehydration of ethanol. It was packed in a 1-metre 
long and 4-. 0 mm internal diameter glass column. The 
column temperature was maintained at 120°C. Excellent 
separation of possible reaction products (propene.
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di-iso-propyl ether, acetone and isopropanol) was obtained 
using 10 percent poly ethylene glycol on chromsorb (high 
performance HP) as packing material (67). A glass column 
of 2 metre length and 4..0 mm internal diameter was used 
and the column was maintained at 70^0. The resolution of 
the isomeric butenes produced from the catalytic dehydration 
of n-butanol was accomplished by a glass column of 7.3 metre 
length and 3.2 mm internal diameter packed with 20 percent 
bis (2-methoxy ethyl) adipate on chromosorb P-AW, kept at 
4-0̂ 0 (123) . It was connected in parallel with another glass 
column 1-metre long and 4-.0 mm internal diameter packed 
with porapak Q.. The samples for the latter column were 
taken directly from the reactor effluent while samples to 
the former were taken after the removal of condensable 
components and drying. A four way valve was used to direct 
the outputs from either column to the detector which was 
maintained at 250°C.

A Pye Unicam, (series 201), gas-liquid chromatograph 
equipped with flame ionisation detector was used. A digital 
integrator was used to integrate the signal from the 
detector. Peak area was integrated. The integrated area 
and retention time were printed automatically at the end 
of each peak. A philips recorder was connected to the 
output of the integrator. This enabled the determination
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of the beginning and the end of an integration and also 
gave the base line.

Each peak was identified by injecting pure samples of 
all the possible components directly into the chromatogra
phic column(s). Component peak retention time was used 
for identification.

The peak area of each component as a function of its 
number of gram-moles used was calibrated by using appropriate 
gas or liquid mixtures. For liquids, various mixtures 
were prepared and a precisely known volume was injected by 
a micro-syringe into the carrier gas stream. The syringe 
is accurate to within 1.0% of the dispensed volume. A 
plot of integrated area against gram-moles for each 
component was obtained. Linear least squares analysis was 
used to correlate the integrated area of a component against 
its gram-moles to obtain fitted expression with minimum 
deviation. The regressed equation was used to convert 
integrated area to number of gram-moles. The number of 
gram-moles of each component was used as the basis for the 
material balances around the reactor and, subsequently, for 
the calculation of partial pressures and reaction rates.

The chromatographic analyses were reproducible and 
contributed very little to final errors. Conversion was 
taken as the mean of at least three or more reproducible 
analyses. Examination of chromatographic analyses reveals
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that an average error deviation from the mean is no more 
than for each component.

2 .4.5 Effluent' Treatment

For safety reasons, it was desirable to minimise the 
amount of hydrocarbons or organic compounds emitted into 
the atmosphere.

After the dehydration, products and unreacted alcohol 
had passed through the sampling valve, they were fed into a 
separator. This separator was cooled by air which condensed 
most of the condensable components. After leaving this 
condenser the remaining -mixture was fed into a second 
condenser which had a cooling coil of glass of about 2 metres 
long. Cooling water flowed inside the glass coil while the 
gaseous effluent flowed counter-currently on the outside.
The bottom of the condenser was connected to a flask for 
the collectionof condensate. The condensates from both 
separators were removed periodically.

After the separation of the condensable products and 
unreacted alcohol, the gases, consisting mainly of nitrogen, 
were removed from the top of the condenser. The flowrate 
was determined by a bubble flow-meter. Mean flowrate was 
the average of at least., two. or three measured flow rates.
The effluent was discharged to a fume extraction system.
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2.4.6 Safety Aspects

In the design, construction and operation of the 
experimental equipment careful considerations were given to 
all possible hazards that might arise. The equipment was 
designed and built to conform to relevant British standards.

The properties of the materials used in the construction 
were carefully studied to determine their upper limits of 
operating conditions. The piping system was constructed of 
copper and stainless steel fittings. These were chosen to 
stand up to high temperatures and exposure to hydrogen and 
alcohol.

The toxicity, corrosive properties, flammability, 
ignition point and chemical behaviour of all reactants, 
possible products and gases involved in this work were 
thoroughly investigated. The quantity of alcohol made 
available to the experimental site was limited to 250 ml 
at any particular time, so as to reduce fire hazard and 
other hazards associated with alcohol.

The spinning motor belt was well guarded with plastic 
covering to prevent entanglement of loose clothing, long 
hair, etc., whilst in operation. In case of emergency, 
the whole system could be shut down in less than a minute.
The power supply to the system was from two electrical 
sockets located in a conspicuous position. All wiring plugs
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were provided with appropriate fuses. Shut-off valves 
were fitted along the hydrogen and alcohol lines.

2 .4.7 Operation Procedures

The operation procedures of the experimental equipment 
are briefly summarised below.

a) The empty circular basket was loaded with catalyst of a 
known weight.

b) The basket and contents were firmly secured to the end 
of the rotating shaft by means of a nut.

c) The reactor was covered with its lower flange carrying 
the outlet tubing. The shaft was turned by hand to ensure 
free rotation before bolting the lower plate and top plate
of the reactor vessel together. There was a high temperature 
gasket between these plates. It fused when the reactor was 
heated and can only be used for one experimental run.

d) The system was then pressurised with nitrogen to three 
bar gauge to test for leaks. Leaks were detected by soap 
solution and the rate of fall in pressure.

e) The catalyst was then activated by heating the reactor 
to reaction temperature. The system was then continuously 
flushed with diluent, carrying with it the water liberated 
by the catalyst. This usually lasted at least 24 hours.
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f) The evaporator and heating tape were switched on. 
Cooling water for the condenser and the bearing of 
spinning shaft was then turned on.

g) After the working temperature had been achieved in 
the reactor the metering pump was switched on. Steady- 
state conditions were established after about' half an houp.

h) The rotating shaft was started together with the 
pumping of the alcohol into the piping system and the 
reactor. Spinning was continued throughout and was then 
switched off at the end of the day.

i). For fresh catalyst, the gas sample analysis was 
carried out at convenient time intervals until constant 
activity of the catalyst was reached. The kinetic data 
were only collected when constant activity of the catalyst 
was attained. The time taken to achieve the constant 
activity period was dependent on the type of the catalyst. 
The activity of the catalyst was always checked.

j) The change of alcohol flowrate was achieved by 
adjusting the stroke setting of the metering pump. Outlet 
pressure was then reset to one bar gauge by manual 
operation of the mass flowrate controller (MFC2).

k) The gaseous product and unreacted alcohol from the 
reactor was sampled until reproducible results were obtained
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before the operating conditions were altered.

l) When the reaction temperature was changed, steady state 
was checked. Usually, the alteration in reaction tempera
ture was carried out at the end of a working day, so that 
steady state would be reached on the following day.

m) The shut-down procedure was as follows:
(i) The alcohol pump was switched off.
ii) The spinning motor was switched off.
iii) The heating tapes, evaporator and reactor oven were 
switched off.
iv) The diluent gas was allowed to flow through the system 
to cool and purge all unreacted alcohol and products. 
Depressurization of the system was carried out gradually 
by opening the MFC2 valve.
v) When reactor conditions were nearly at room conditions,
the inert gas was shut off. The reactor was then opened
for the removal of the spent catalyst.

2 .5 Selection of Reaction Conditions

For a given catalyst, the reaction temperature and
partial pressure of alcohol were the two principal reaction
conditions to study.

The reaction temperature was varied so as to determine 
the catalytic activity as a function of temperature. It
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also enabled the evaluation of parameters in the rate 
expression which are dependent on reaction temperature. 
Activation energy and heats of adsorption of reactants 
and products can also be determined.

Early workers (28-31) investigating the dehydration 
of alcohols have established three temperature ranges.
These have been summaried in chapter 1. On the basis of 
literature results and the present research objectives, the 
following reaction temperature ranges for the dehydration 
of various alcohols over zeolite catalysts were chosen,

ethanol 270-350°C
isopropanol 200-300°C
n-butanol 200-300^0

The selection of the reaction temperature for the dehyd
ration of isopropanol and ethanol over synthetic cation 
exchange resin was based on results in literature.
Previous workers (33, 34) collected their kinetic data on 
the dehydration of isopropanol and ethanol on cation 
exchange resin at temperatures below 125°C. It was decided 
to extend this limit to as high a temperature level as was 
permisible by the thermal stability of the catalyst. The 
reaction temperature range chosen for isopropanol and 
ethanol was 110-145°C. At least three temperature levels 
were used for any given catalyst and alcohol.
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The variation of reactant feed pressure allowed the 
influence of partial pressure of alcohol in the rates of 
product formation and product selectivity to be determined. 
It also gave insight into concomitant adsorption process 
and reaction paths of the dehydration reactions.

The variation of alcohol partial pressure was 
achieved by varying the alcohol flowrate at nearly constant 
diluent flowrate and constant total pressure. At least 
five partial pressures of alcohol were used for a given 
reaction temperature and catalyst.



CHAPTER 3

THE MODELLING OF THE DEHYDRATION REACTION 
KINETICS
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CHAPTER 3

THE MODELLING OF THE DEHYDRATION REACTION KINETICS

3 .1 Introduction

The modelling of reaction kinetics is very important 
in the design and analysis of catalytic reactors. Reliable 
kinetic models can give accurate predictions of yields, 
conversion and product selectivity. Detailed reaction rate 
modelling techniques have been fully discussed in many text 
books on chemical reaction engineering (106, 107, 124, 125), 
papers (126, 127, 128) and reviews (121, 129).

Chemical reaction rate equations are formulated by 
using two classical approaches:

a) Simple power function law
b) Hougen-Watson method.

Consider a simple reversible chemical reaction of 
the form

2A   ̂E + W 3.1

The net power function rate expression may be written as

Rate = K(P% - P"/K^q) 3.2

where K and K are the forward reaction rate and the eq
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thermodynamic equilibrium constants, respectively; a, e 
and w are the apparent orders with respect to A, E and W 
components, respectively; , P^, and P^ are the partial 
pressures of species A, E and W in the mixture.

If the rate controlling step of the above reaction, 
equation 3.1, is surface chemical reaction on dual active 
site, the Hougen-Watson rate expression will be of the form

«... - ,
(1.0 * K,P, 1 KjPj *

where K is the forward rate constant, K^, Kg, K^ are the
adsorption constants for species A, E and W respectively and
K is the thermodynamic equilibrium constant of the reaction, eq

The power rate equation is simply a representation of 
the law of mass action. The classical Hougen-Watson 
approach (126) yields a hyperbolic type of expression with 
more parameters.

Reaction rate modelling consists of two steps (130):
a) The formulation of the rate expression based on the 
knowledge of the chemistry of the chemical reaction and the 
physical transport processes.

b) The discrimination between plausible models and the 
estimation of the adjustable parameters to best represent 
experimental data.
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The model discrimination between rival models is 

achieved through both chemically and statistically oriented 

approaches. The latter approach is more versatile than the 
former. However the former allows one to formulate rate 
expressions based on the knowledge obtained from physico
chemical studies. An extensive review has been written by 
Mezaki and Happel (130) on the discrimination of models of 
rate of solid catalysed gaseous reaction. This chapter is 
devoted to formulating rate expressions for the catalytic 
dehydration of alcohols to light olefins and ethers based 
on the knowledge of the chemistry of the chemical reactions 
and physical transport processes. The statistical discrimi
nation of the possible chemical reaction rate expressions 
will be discussed in chapter 4.

3.2 Transport and Kinetic Processes.

The overall process of a gaseous reaction over solid 
catalyst is complex and is made up of transport processes 
to and from the bulk of the gaseous phase and the surface 
or the interior of the catalyst, as well as chemical trans
formations on the catalyst active sites. The transport 
processes consist of internal and external transports, while 
the chemical transformation may have three consecutive steps 
(adsorption of reactant, chemical surface reactions, and 
adsorption of products). Steady state and/or equilibrium 
approximations are often used in kinetic analysis and the 
formulation of rate expressions. If one of these steps has 
a rate which is smaller than the rates of the other steps or
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which approaches equilibrium conditions more slowly than the 
other steps, then that step becomes rate controlling.

In the present work, external mass and heat transfer 
have been minimised by careful selection of reactor and 
operating conditions. The kinetic data collected are there
fore not controlled by external diffusion. The effects of 
internal mass and heat transfer will be discussed in chapter 4*

The chemical rate expressions that will be formulated 
below are those that describe the three chemical transfor
mation processes on the catalyst active sites.

3•3 Power Function Rate Expression

Power function rate expression is normally used to 
correlate experimental, data of homogeneous reactions. However,, 
Weller (127, 129) has strongly recommended the use of power 
function rate equation to fit kinetic data of heterogeneous 
reaction. His arguments are;
a) The equations are easy to use,

b) Langm.uir’s adsorption theory is based on the ideality 
of catalytic surfaces or sites and therefore has limited 
applicability.

c) Reaction rate expression produced according to the 
Hougen-Watson approach (126) are too complex mathematically.
It requires a large amount of experimental data and mathe
matical work before a reliable correlation can be obtained.
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3.3-1 Power Function Model.

The overall catalytic dehydration reactions can be 

written as
1 ^2 A —  - E + w 3.4

K.i
A 0 + w 3.5

E   A t  0 3.6
K_3

The power function rate expressions, in the absence 
of external mass and heat transfer effects, may be 
formulated as follows:

Model 1: K^P^ t K^Pg - " ^-3^0^A

This model is based on the law of mass action and asumes 
that the apparent orders correspond to the stoichometric 
CO-efficients.

Model 2: R^ = K^P^ t K^Pg

It is deduced from model 1, by neglecting the reverse 
chemical reactions.

Model 3 : Rq = K^P^ - K_^Pq P^

This model is derived by assuming that reaction 3.6 does 
not take place. This suggests that the principal products 
ether and olefin are formed through a simultaneous 
reaction scheme.
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Model 4: Ro =

It is formulated on the basis that all the components 
compete for the active sites on the catalyst surface.
The apparent orders are assumed not to correspond to 
the stoichiometric co-efficients.

Model 5: Rq =

This model is deduced from the previous one. It assumes 
that only alcohol and water compete for the active sites 
on the catalyst surface.

Model 6: Rq = ^RO^A

This model is a further simplification of model 4. It 
assumes that the total active sites occupied by the products 
are negligible compared with that by the reactant.

Table A2.1, in appendix 2, summaries the power function 
rate equations derived for the formation of ether and olefin.

3 . 4 Hougen-Watson Approach.

In using the Hougen-Watson approach to model reaction 
rate, either the adsorption of reactants, or surface 
chemical reaction or the adsorption of product may be assumed 
to be the rate controlling step. This approach is an 
extension of the classical Eangmuir-Hinshelwood kinetic 
theory of catalyst surface. The Langmuir-Hinshelwood is 
based on Langmuir adsorption isotherm theory. Surface
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chemical reaction is always assumed to be the rate controlling 
step, while other steps are assumed to be at equilibrium.
For example, the Langmuir-Hinshelwood mechanism for a 
bi-molecular reaction assumes that the surface chemical 
reaction takes place between two chemisorbed molecules.
The Rideal-Eley mechanism for a bi-molecular reaction 
assumes that the reaction takes place between one adsorbed 

molecule and a second molecule from the gaseous phase. The 
derivation of chemical rate expression based on the Rideal- 
Eley mechanism still requires the application of Langmuir 
isotherm equations for the adsorbed reactant and products.

The Langmuir adsorption isotherm equation depends on 
the following assumptions:

a) Heats and entropies of adsorption are constant for each 
chemisorbed species. That is, they are independent of surface 
coverage and the presence or absence of another adsorbed 
molecule on the neighbouring sites. This assumption implies 
catalyst surface ideality and hence uniform kinetic and 
thermodynamic properties.

b) Interaction between adsorbed molecules is negligible 
or absent. That is, the adsorption of another molecule at 
the neighbouring sites does not enhance the adsorption of 
other molecules.

c) Monolayer coverage of all active sites. That is one 
active site adsorbs one, and only one molecule. There are 
no multiple layers (131).
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In practice, these assumptions do not necessarily hold.
The variation of heat of adsorption with surface coverage is 
well documented and suggests interaction among adsorbed 
molecules (128). .Boudart (128) and Weller (127, 129) have 
discussed extensively the applicability and limitations of 
the classical Langmuir-Hinshelwood theory, using simple 
chemical reactions to illustrate and support their arguments.

In addition to the above assumptions, the Hougen-Watson 
modelling approach assumes that all steps are at equilibrium 
except the rate controlling step. This assumption greatly 
simplifies the formulation of rate equations. However this 
assumption does not always hold at all reaction temperatures, 
because a step that is slow at one temperature may be fast 
at another. Hence it ceases, to be the rate controlling step. 
Therefore a chemical reaction may show two rate limiting steps. 
Thaller and Thodos (70 ) have reported a chemical reaction 
which exhibits this type of behaviour.

Although the Hougen-Watson approach may appear to be of 
limited importance, it has been widely found to be useful in 
the analysis and design of catalytic chemical reaction and 
reactors. Many workers (32, 33# 34) have applied this 
approach to the analyses of kinetic data on the dehydration 
of alcohols over solid catalysts.
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3.4.1 Reaction Steps.

The derivation of the rate equations are based on the 

three consecutive steps, adsorption of reactants and inerts, 

chemical surface reaction and desorption of products.

The overall dehydration of alcohols to ethers and 
olefins may be represented by two parallel reactions.

2 A -̂---------  E + W 3.7

0 + W 3.

Reaction step 1: Adsorption of alcohol and inerts.

A t  S___ _̂______ AS 3.9
I + S ,-- IS 3.10

where S is the number of vacant active sites.

Reaction step 2: Surface chemical reaction
a) Formation of ether

i) Via the Langmuir-Hinshelwood mechanism (LHM)
AS + AS ̂   ̂ ES + WS 3,11

ii) Via the Rideal-Eley mechanism (REM)
AS + A + S ,  ES + WS 3.12

b) Formation of olefin

AS t S ^ OS + WS 3.13

Reaction step 3 : Desorption of products

ES - E + S 3.14
OS 0 + S 3.15
W S------ -̂------ —  W + S 3.16
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3.4*2 Equilibrium Considerations.

a) The adsorption-desorption of alcohol and inerts.
The net rates of adsorption-desorption of alcohol and 
inerts are given by

= %aAS Ca - CdA^AS 3.17

"  ^al^ ■ ^dl^IS 
Consider that the above processes are at equilibrium, then

^A = %aA/KdA = °As/S 3.18
Ki = Kai/%di = 3.19

where and are the adsorption equilibrium constants 
for the adsorption-desorption of alcohol and inerts, 
respectively.

b) The surface chemical reaction
The net rate of formation of ether, through LHM or REM is
given by

LHM Rg = KggC - K.RgCggC^g 3.21

REM Rg = " ^-RE^ES^WS ^'^2

The net rate of formation of olefin is

^0 " ^RO^^AS ~ ^-RO^OS^WS ^.23

When surface chemical reaction is at equilibrium,
the net rates of formation of ether and olefin are zero.
Thus one obtains

“ GpqC _/C.q 3.24'RE RE' -RE "ES WS' "AS

^RE " ^RE^^-RE = ^ES^WS/^A^AS^ ^*25
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^RO ^Ro/^-RO ^OS^Ws/^AS 3 .26

whe %RE ' %RE' KgQ are the thermodynamic equi 11 brium
con stants for the surface chemic al reaction f0r th e formati
of ether, via LHM, REM and for the formation 0f ol ef i n ,
res pectively.

c) The desorption- adsorption of ether, olefin and water.
The n et rates 0f desorption- adsorption of ether, olefin

and water are :

■ ^dE^ES 3 .27

%aoCoS - %dO^OS 3 .28

’’w KawCwS - ^dW^WS 3 .29
At equili brium

= ’̂ aE^^dE " C^Es/^E^ 3 .30

*̂ 0 = Kao/KdO = Cos/CoS 3 .31

= %aw/KdW ^ 3 .32

where Kg, K q are the adsorption-desorpt:ion (Bquili-
bri urn con stants for the products ether, olefin and water
respectively.

The overall equilibrium constants for the dehydration 
reactions, equations 3.7 and 3.8 are given by

%eq,E " ^.33

^eq,0 ^ ^O^W'^^A ^.34

Substituting for Cg, and using equations 3.21,
3 .24, 3.30 and 3.32 gives the thermodynamic equilibrium
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using LHM ^eq,E ^ A ^ R E ^ V e

using REM ^eq,E " ^ A ^ R E ^ V e

A similar treatment gives the overall thermodynamic 
equilibrium constant for the dehydration of alcohol to 

olefin and water, equation 3.8.

%eq,0 " ^ A ^ R O ^ V o  

3 .4.3 Adsorption of Alcohol as Rate Controlling Step.

Consider the adsorption of alcohol as the rate contro
lling step, all other processes are assumed to be very fast 
and at equilibrium. Then the overall rate of reaction is 
determined by the rate of adsorption of alcohol, equation 3.9

In this work, the rates of formation of olefin and 
ether will be used instead of the overall rate of decompo
sition of alcohol. If the rates of production of ether and 
olefin are measured in molecules per gram of catalyst per
unit time and there is no side reaction, then from the
stoichiometric balance

«A = 2 Rg + Rq 3.38

a) Rate of formation of ether, via LHM.
The net rate of formation of ether is given by the

difference between the rate of adsorption and that of
desorption of alcohol, as in equation 3.17.

Substituting for C^g, using equation 3.24, the net 

rate of ether formation becomes
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■ KdA(CggC^g/Kgg)2 3,39

The uncovered active sites can be obtained by assuming 
that the total number of active sites remain constant in 
the absence of deactivation. It follows that uncovered 
active site is given by

S = So ^^AS ^ES ^OS ^WS ^IS^

*^AS' *̂ ES Cgg, C^g and C^g are not measurable quantities, 
therefore they must be elimated and replaced by measurable 
quantities C^, Cg, Cg, and using expressions 3.24, 
3 .30, 3 .31, 3.32 and 3 .20, the net rate of formation of 
ether becomes

Rg =  ~ ̂^E^W'^^eq.E^____  3.41
1.0 + KgCg + KqCq +

where g is already defined by equation 3.35.

Similarly the net rates of formation of ether via the 
REM and olefin can be written as

Rg =  ^aA^o^^A ~ ^E^^^^A^eq.E^ 3.42

1.0 + KgCg + KgCg + + ^A^E*^W'^^A^eq,E  ̂ ^1^1

and
Rq = ^aA^o^'^A ~ '^oS^^ea.O^__________  3.43

1.0 + KgCg + KqGq + + h W h q , 0  + %lCi

where and q are given by equations 3.36 and

3.39, respectively.
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The above treatment can similarly be applied to the 
case when surface chemical reaction or desorption of product 

is controlling.
Tables Al.l, A1.2 and A1.3» in appendix 1, summarise 

the derived hyperbolic rate expressions according to 
Hougen-Wastson approach, based on the reaction schemes given 
in equations 3-9 to 3.16. In the tables, the concentrations 
0^, Cg, Cg, and have been replaced by partial 
pressures of the species A, E, 0, W and I, repectively.

Additional rate expressions are generated by:
a) Neglecting the influence of backward reaction.
b) Neglecting the contribution of inerts to the adsorption 
term.
c) Initial rates expressions, are obtained by assuming 
that the partial pressures of the products are nearly 
zero and the adsorption equilibrium constant of inerts is 
very small or nearly zero. Tables Al.4 and A1.5, in 
appendix 1, summarise the initial rate expressions for the 
formation of ether and olefin, repectively.
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CHAPTER 4

RESULTS AND DISCUSSION OF THE KINETIC DATA ON THE CATALYTIC 

DEHYDRATION OF ALCOHOLS IN A CSGSR

4.1 General Considerations

4.1.1 Introduction

Kinetic data on the dehydration of n-butanol, isopro
panol and ethanol over zeolites 13X, 4A and ZNa, all in 
sodium form and synthetic cation exchange resin, in hydrogen 
form, have been obtained for a wide range of experimental 
conditions. In all the experiments, the total pressure of 
the reactor was kept at 1-bar gauge. Pure alcohol feed 
diluted with inert high-purity nitrogen was used.

For each run, the rates of formation of olefin 
and ether were calculated using the following material 
balance expressions for an ideal continuous stirred tank 
reactor.

R 0 " gmole/g^hr 4.1

= ^ A o V ’̂ gmole/g^hr ^.2
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The mean error in the rate of formation of ether or olefin 
is no more than 5%-

4.1.2 Main Side Reactions.

The dehydration of alcohols (n-butanol, iso-propanol 
and ethanol) over zeolite 13X, 4A and ZNa catalysts yields 
two principal products, ether and olefin. Gas chromatograph 
analysis showed the formation of aldehyde from the primary 
alcohols or ketone from the secondary alcohol. Very little 
saturated paraffin was found. Aldehyde or ketone is formed 
by the dehydrogenation of alcohol. Saturated paraffin is 
produced by the hydrogenation of olefin. The experimental 
data were analysed in terms of the rates of formation of ether 
and/or olefin, .instead of the overall conversion of alcohol. 
For each run the mass balance took into consideration the 
formation of aldehyde or ketone and hydrogen.

Pure alcohol was fed into the reactor system at 
operating conditions without catalyst. The gas chromatograph 
detected olefin and aldehyde or ketone, but did not detect 
ether. The aldehyde or ketone detected during these control 
runs accounted for most of these side products formed in the 
experiments with catalysts. This observation suggests that 
the bulk of aldehyde or ketone produced during the experi
mental runs was catalysed by the nickel and/or copper present 
in the reactor wall and the associated piping material.
Nickel and/or copper have been found to be active catalysts 
for the dehydrogenation reactions (39, 40, 101). The zeolites
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used may also contribute to a small extent to the formation 
of aldehyde or ketone, because the zeolites possess basic 

sites which are required for the dehydrogenation reaction.

The effect of thermal dehydration of alcohol to olefin 
has also been taken into account. However this effect gave 
less than of the olefin formed under all reaction conditions

4..1.3 Mass and Heat Transfer Effects.

The effects of external mass and heat transfer have been 
disscussed in chapter 2. The internal mass and heat transfer 
effects cannot be assessed by using the Weisz and Practer (93) 
criterion, because of the lack of empirical correlation for 
the estimation of effective diffusivity in zeolite cages.
The mechanism of intra-particle transport in the zeolites is 
not yet clear. This is because in most cases the pore size 
is of the same order of magnitude as the molecular dimensions. 
This problem has been discussed by Weisz (97).

Intra-particle effects could be checked by examining 
reaction rates for different particle size, keeping other 
variables constant. Unfortunately, the present CS.GSR does 
not permit the use of fine catalyst particles. However the 
the activation energies obtained in this study compare well 
with those obtained from studies (62, 67) using fine zeolites. 
This suggests that internal diffusional limitations were 
minimal.



Mathematical Estimation of Chemical Constants.

An extensive review on the mathematical estimation of 
unknown parameters in chemical reaction rate equations has 
been given by Kittrell (121). There are two main mathematical 
estimation techniques:

a) Linear least squares analysis (weighted and unweighted).

b) Non-linear least squares analysis.

In this work both linear and non-linear least squares 
analyses have been used in estimating the kinetic and 
adsorption equilibrium constants. Theoretical aspects of 
linear and non-linear least squares estimation of the 
adjustable co-efficient can be found in the following 
references (55» 56, 10%., 121).

The computer programmes on linear and non-linear squares 
analyses were made available through the South Western 
University Computer net-work. The non-linear programme is 
from the Biomedical programme package. Health Science 
Computing Facility, University of California, U.S.A. Details 
of the programme can be obtained from reference 69.

4-.1.5 Preliminary Discrimination and Simplification of the 
Hougen-Watson Rate Expressions.

Plausible rate expressions derived according to the 
Hougen-Watson approach based on a simultaneous reaction 
scheme, and for different controlling steps, are presented
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in Tables Al.l, A1.2 and A1.3, in appendix 1. Preliminary 
discrimination of these derived rate expressions is 
necessary, since not all of these rate expressions are 
probable. Secondly, simplification of the selected rate 
expressions will help to reduce the complexity of some 
of the rate equations. These preliminary considerations 
can be achieved by examining relevant data both from 
literature and from the present study.

a) The adsorption equilibrium constants of ether and olefin 
have been experimentally determined and found to be near 
zero (34-» 100). Hence the desorption of ether or olefin 
cannot be the rate limiting step. The correponding rate 
equations can therefore be discarded.

b) The partial pressures of ether and olefin in all the 
experiments are very small compared with the partial pressure 
of alcohol. The products K^Pg very much smaller
than K^P^. Hence the contributions of ether and olefin to 
the adsorption terms can be neglected with little error 
involved.

c) The adsorption of nitrogen on molecular sieve is 
appreciable only at temperatures below 24.4. K (9). Under 
the present working conditions nitrogen should only be 
weakly adsorbed. Therefore the diluent contribution
in the adsorption term can be neglected.

d) The equilibrium constant of the surface chemical 
reaction leading to the formation of olefin is high.
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Hence the dehydration of alcohol to olefin can be assumed 
to be irreversible.

e) Although water retards the dehydration reactions, 
it was not necessary to consider this effect because the 
partial pressure of water was very low in all the experiments 
The contribution of water is insignificant and can be 
neglected. The denominator in the Hougen-Watson rate 
expression, in the case the surface reaction controls, is 
therefore reduced to

(1.0 +

The three remaining rate limiting steps are the 
desorption of alcohol, surface catalysed reaction and the 
desorption of water.

For the formation of olefin, if the adsorption of 
alcohol is the rate controlling step, then the rate of 
formation of olefin is given by

=  !m .V a------  4.3
1.0 1

Qualitatively, this expression predicts progressive increase 
in the rate of formation of olefin with increasing partial 
pressure of alcohol. It suggests a first order reaction 
with respect to alcohol concentration and no alcohol 
retardation effect. But both behaviour were not found in 
the present study, therefore it was not necessary to 
consider this rate expression.
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For the model with surface catalysed reaction as 
the rate controlling step, the rate of formation of 
olefin is given by

.. .
(1.0 *

The above expression is based on a dual site mechanism. 
Qualitatively, this equation predicts reaction order less 
than one and a depressive behaviour by alcohol. These 
predictions have been observed experimentally. Hence this 
model should be tested.

For the model with the desorption of water as the 
rate limiting step, the rate of formation of olefin is

R = ^aW^o^eq,0^A^^0  ̂ ^

(1-0 + V a + Keq,0%wfA/fo)

Qualitatively, this equation predicts approximately zero 
order reaction at all partial pressures of alcohol which 
does not contradict experimental findings. Therefore this 
rate expression cannot be rejected.
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4.. 2 Results and Discussion of the Dehydration of Alcohols
over Zeolites

4-. 2 .1 Kinetic Data .

The kinetic data on zeolites are presented in Tables 
A4-.1 to A4-.3. A4-.8 to A%.10, A4-.15 and A4-.16.

Figures 4-*l to 4-. 8 illustrate the effect of partial 
pressure of alcohol on the rate of formation of olefin 
over zeolites. The dependence of the rate of formation of 
olefin is clearly less than first order. For the formation 
of butene and propene, it tends to be approximately zero- 
order which is typical of mono-molecular heterogeneous 
reactions.

Figures 4-.9 to 4-.11 show the influence of the partial 
pressure of alcohol on the rate of formation of ether 
over zeolites. The influence of the partial pressure of 
alcohol on the rate of formation of ether over zeolites 
4-A and ZNa was not illustrated graphically because of 
irregularity in the shape of the curves. For example, 
when the partial pressure of alcohol is low, ether was 
not produced, see tables A4-.2, A4-.3» etc or the rate 
at higher temperature is lower than that at lower 
temperature, see figures 4-.10 and 4-.2>5. This irregularity 
will be discussed in section %.3.

At low temperature, the reactions are approximately 
zero-order. This is because chemisorption decreases
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with increasing temperature. The coverage of the catalyst 
by the reactant is nearly complete at low temperatures 
but not at higher temperatures. It can be seen from the 
shape of the curves that reaction order with respect to 
alcohol increases slightly with increasing reaction 
temperature. The value of the partial pressure of alcohol, 
beyond which rate of formation of ether or olefin remains 
constant, is found to rise with inceasing temperature.
This behaviour corresponds to the decrease in the adsorption 
of alcohol with increasing temperature.

The partial pressures of the other compounds (ether, 
olefin and water) are very small compared with that of 
alcohol. Although water has,a depressive effect on reaction 
rate, its partial pressure is so small at all reaction 
temperatures that the depressive effect can be neglected.
The earlier assumptions that these compounds do not contribute 
significantly to the rate expression are therefore justified.

4.212 Kinetic Expression

4 .2.2.1 Empirical Power Law.

Table A2.1, in appendix 2, presents the formulated 
power function rate.expressions for the formation of 
olefin and ether. The most successful candidates of these 
rate equations are

for olefin formation: = ^RQ^A 4.6
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for ether formation : Rg “ ^RE^A

Isothermal regression of the kinetic data shows that 
the reaction order with respect to alcohol concentration 
increases slightly with increasing reaction temperature, 

see table 4.1. Non-isothermal regression of the data yielded 
the following equation-for the rate of formation of olefin.

Rq = Aoexp(-E^o/RgT)P^ ^.8

A similar equation was obtained for the rate of formation 
of ether. The rate equations were linearised by taking the 
natural logarithm. All the parameters in these two equations 
were estimated by multi-linear least squares analysis 
technique. Tables 4.2, 4.3 and 4.4 give the estimated 
kinetic constants for the dehydration of n-butanol, 
isopropanol and ethanol respectively.

The t-ratio is the ratio of the estimated co-efficient 
and its standard deviation is also reported in the tables.
A high value of t-ratio means small standard deviation, 
hence the confidence interval of the parameter is small. 
Column 7 of the tables shows the R-squared co-efficient, 
which is a measure of how well the regression expression 
fits the experimental data. All the equations gave high 
R-squared values. Column 8 shows the calculated F-ratio, 
which gives an indication of the significance of the 
regression. The last column shows the F-ratio from the 
statistical table at 95% confidence level. If the 
observed F-ratio exceeds the critical F-ratio at 95%



Table 4»! Effect of Temperature on Order of Reaction 
The dehydration of ethanol to di-ethyl 
ether over cation exchange resin.

Temp n R-squared

142 18 1.2 99
131 12 1.1 100.
120 7.0 0.91 100.
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confidence level.by a factor greater than four, 
statistically significant regression is said to have 
been obtained (104). The results show that the regression 
of the kinetic data for olefin formation over all the 
zeolites are statistically satisfactory. The regression 
of the data for the formation, of di-n-butyl ether over 
ZNa zeolites and di-iso-propyl ether over 13X zeolites 
did not yield very high F-ratios. Thus the power law 
is not suitable for representing these two sets of 
kinetic data. Column 9 of the tables shows the number 
of data points used in establishing the equations.

Orders of the simultaneous reactions are shown in 
column 5 of each table. The reaction order (n) for the 
formation of olefin is smaller than that for the formation 
of ether for all the alcohols over all the catalysts. This 
observation is in accordance with the stoichiometric equations 
of the reactions.. If the order of reactions is restricted 
to integral or half integral value, then the butene and 
propene formation are approximately zero order over all the 
zeolites. The di-n-butyl ether.formation over zeolites 13X 
and 4A are approximately zero. The di-iso-propyl ether 
formation reaction is approximately first order over ZNa 
and 4A zeolites. Both the ethylene and di-ethyl ether 
formation reactions show approximately half order. These 
reaction orders are in agreement With reported values, see 
tables 1.2, 1.3 and 1.4. These low values of reaction order 
suggest that the active sites of the catalyst are nearly
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saturated with alcohol. The reaction order for the 
dehydration of ethanol to ethylene is higher than those for 
the dehydration of isopropanol and n-butanol to propene and 
butene respectively. The explanation is that the dehydration 
of ethanol was carried out at higher reaction temperatures 
to obtain an appreciable dehydration reaction rate. Thermo
dynamically adsorption, decreases with increasing temperature.

The activation energies for the ether and olefin 
formation reactions over all the zeolites are reported in 
column 3 of the tables. The activation energies obtained 
for the formation of olefin, in. the present work compare very 
favourably with those reported in literature, see tables 1.2, 
1.3 and 1.4-

Some of the activation energies estimated for the 
formation of ethers over all the zeolites are affected by 
internal diffusional limitations. The exceptions are those 
for the formation.of di-n-butyl ether over 13X and di-iso- 
propyl ether over 4.A. This is. because, the ethers could not 
diffuse easily out of the pores. The values of the activation 
energies obtained are approximately half of those in literature 
The value of 34 Kcal/gmole obtained for the dehydration of 
n-butanol to di-n-butyl ether over zeolite 13X is close to 
that reported by Kabel and Johanson (34). The estimated 
apparent activation energy for the formation of di-iso-propyl 
ether over 4A zeolite is in good agreement with literature.
An explanation for this behaviour is that all di-iso-propyl 
ether produced on 4A zeolite are from the external surface
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of the catalyst, because the crystalline pores of this zeolite 
are not accessible to di-iso-propyl ether.

Values of the pre-exponential factors are given in 
column 1 in tables 4-.2, U.3 and 4^4» The pre-exponential 
factor for the formation of olefin is greater than that for 
the formation of ether for all the zeolites. This indicates 
that the mobility of olefin is higher than that of ether.

The agreement between the present results (activation 
energies) and literature values is rather remarkable in 
view of the different treatment of the kinetic data and 
different experimental conditions used here. This agreement 
suggests that the reaction, mechanism and the rate determining 
step are probably the same for these three alcohols over a 
wide range of reaction temperature and different catalysts.

It can be concluded that the power function rate 
expression can statistically represent the kinetic data on 
the dehydration of alcohols over zeolites in most cases.

4-.2.2.2 Hougen-Watson Rate Expression.

Results in section 4--2.2.1 suggest that the active sites 
of the catalyst are nearly saturated with alcohol. It was 
therefore decided to correlate the kinetic data with the 
Hougen-Watson type of rate expression to determine the 
extent of the influence of adsorption on the various 
estimated parameters.
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The very high activation energies obtained from 
the empirical power function rate expression support 
the previous conclusion that surface catalysed reaction 
is the rate controlling step and the influence of external 
mass and heat transfer are minimal. Statistical analysis 
of the present kinetic data showed that they could not 
be satisfactorily represented by equations 4--3 and 4-«5.
Only parameters relating to surface catalysed reaction 
as the rate determining are presented and discussed here.

4-.2.2.2.1 Kinetic Expression for the Formation of Olefin.

The two rate expression derived for the dehydration 
of alcohol to olefin based on the assumption that surface 
catalysed reaction is the rate limiting step, are equations 
4-. 9 and 4.10.

KpK.P.
dual site mechanism (SR2): R^ = ----------  4.,9

(1.0 +
Qualitatively, this equation predicts reaction order 
between 1 and -1 and also the depressive behaviour of 
alcohol. Both predictions have been observed experimentally

K K P
single site mechanism (SRI): R^ = — — --- 4-.10

(1.0 + V P

This expression predicts qualitatively a reaction order 
less than 1 and a rate inhibition by alcohol concentration.

The estimated model parameters, obtained from linear 
regression for the dehydration of n-butanol, isopropanol and
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ethanol, are presented in Tables A4.4, A4.11 and A4.17, 
in appendix 4> respectively.

Both correlations 4*9 and 4.10 show high R-squared 
CO-efficients over all the zeolites at all reaction 
temperatures. On the basis of the R-squared co-efficients 
the power function rate expression compared well with the 
Hougen-Watson rate expressions.

The kinetic data over ZNa catalyst when fitted to 
model SRI resulted in a negative adsorption co-efficient 
at reaction temperature 235^0. The single site model for 
ZNa should have therefore been rejected because of this 
negative adsorption co-efficient, however the nonvlinear 
analysis was still performed.

The estimated parameters through the linear analysis 
were used as the initial values for the non-linear analysis. 
Tables A4.5, A4.12 and A4.14, in appendix 4, give the 
estimated parameters from the non-linear analysis. There is 
excellent agreement between, the parameters obtained from 
linear and non-linear analysis techniques which indicates 
that the kinetic data obtained, are good. Table 4.5 shows 
the comparison of the linear with the non-linear regression 
method. The differences, in the values are very small. Froment 
and Bischoff (105) have suggested that poor kinetic data may 
give large differences in the values obtained from the two 
methods. The presence of a saddle point may also result in 
large differences in these two values.
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The last column of the tables gives the sum of squares 
of residuals (SSR). SSR values for SRI, SR2 models are the 
smallest. SSR increases with temperature which can be due 
to the increase in the absolute values of the errors with 
increase in temperature. The SSR values suggest that a 
single site mechanism appears to be slightly superior to a 
dual site mechanism. But the difference between the two SSR 
values at any given reaction temperature is not large enough 
to draw any firm conclusion on the preference of one model 
to the other.

The temperature dependence of the kinetic and adsorption 
parameters are illustrated in figures J+.12 to 4-.19. They 
are in good accordance, with Arrhenius and Van’t Hoff laws.
The ÿlots of the In against 1/T are good straight lines 
with high R-squared values. Deviation from a good straight 
line would have suggested one or more of the following:
a) A change in the reaction regime (external mass transfer, 
chemically and pore diffusion controlled).

b) A change in the rate controlling step in the chemically 
controlled regime.

c) A decline in the catalyst’s activity.

The straight line plots obtained here suggest that the 
present kinetic data were procured in only one reaction 
regime and the effect of phenomenon c) was minimal.
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The estimated values of the pre-exponential factors, 
activation energies and enthalpies of adsorption of n-butanol 
for the zeolites are shown in tables /.6, 4.,7 and 4 • 8. All 
the parameters were estimated by linear least squares analysis 
technique. Activation energies obtained from the slopes of 
these plots agree well with those obtained from the power 
function rate expression. This indicates that the adsorption 
process has no significant effect on the apparent activation 
energies. The explanation is probably due to the low 
reaction order obtained.

The plots of In against l/T are fairly linear. They 
obey Van’t Hoff’s law and have negative slopes except those 
in figures 4-13 and 4«14. Figures 4*13 and 4-14 show a 
positive slope for the adsorption plot which suggests that 
the adsorption of n-butanol on zeolites 4A and ZNa is exo
thermic. The remaining adsorption plots suggest that the 
adsorption of alcohols on the present zeolites is probably 
endothermie, indicating dissociative adsorption of alcohols. 
Endothermie adsorption has been found to be possible in 
literature (17, 132). Dissociative adsorption of alcohols 
suggests a carbonium ion reaction mechanism or El mechanism 
and will be fully discussed later in chapter 5.

It is interesting to notç that the kinetic data over 
ZNa catalyst when fitted to model SRI resulted in a negative 
adsorption co-efficient at reaction temperature 235°C from 
linear analysis but resulted in positive adsorption co
efficient from the non-linear analysis technique (see table 4..5)
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A similar observation has been reported by Kittrell et al 
(121) .

In the present work, both dual site and single site 
mechanisms were found to be equally probable. It confirms 
the results in literature that either a dual site mechanism 
or a single site mechanism can be used to explain the 
depressing effect of alcohol on the rate of formation of 
olefin. Another definite agreement between this investigation 
and those of others is that surface catalysed reaction was 
found to be the rate limiting step see tables 1.2, 1.3 and
1.4.

4.2.2.2.2. Kinetic Expression for the Formation of Ether.

Three rate expressions formulated for the dehydration 
of alcohol to ether based on the assumption that the surface
catalysed reaction is the rate controlling step will be
reported. They are based on the following reaction mechanism:

a) The surface reaction may take place by a Langmuir- 
Hinshelwood mechanism (LHM) in which two adjacently chemisorbed 
alcohol molecules react to form the chemisorbed products.
The rate of formation of ether is given by

. : w y

(1.0 + K^Pa)

b) The surface reaction may occur by a Rideal-Eley 
mechanism (REMl) in which one alcohol molecule in the gas 
phase reacts directly with another chemisorbed alcohol
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molecule in the presence of a vacant site adjacent to the 
chemisorbed products. The rate of formation of ether is

.  -  '.A/'.,'
(1.0 + K^Pa)

c) The surface reaction may take place by a Rideal-Eley 
mechanism (REM2) as defined above, but not in the presence 
of an adjacently vacant site and only the product water is 
chemisorbed while the product ether goes directly into the 
gaseous phase. The rate of formation of ether is represented

(1.0 + K^P^)

Qualitatively, the first two expressions predict the order 
of reaction between 0 and 2, while the third equation predicts 
the order of reaction between 1 and 2. All expressions 
predict the depressive behaviour of alcohol but the influence 
is stronger with the first two equations. These rate 
equations were tested with the, kinetic data for all the 
alcohols over the zeolites used. Tables A4.6, A4'.13 and 
A4.19, in appendix 4> present the kinetic and adsorption 
parameters obtained from linear regression. The correlations 
show high R-squared values for all three models, but the 
third model (REM2) is less favoured at all temperatures.
The R-squared co-efficients show that these models 
correlate the kinetic data on ether formation better than 
the power law. This is probably because the above 
expressions account for the effect of the reverse reaction
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which is not included in the power function rate equation.

It should be noted that the alcohol adsorption 
CO-efficients from model REM2 are negative. A negative 
adsorption co-efficient is physically meaningless, but 
has sometimes been ascribed to ’enchanced adsorption’ (15). 
But the concept has not been widely accepted. Hence model 
REM2 should have been rejected on the basis of negative K^. 
Nevertheless a non-linear analysis was performed using this 
model.

Results of kinetic and adsorption constants from the 
non-linear least squares analysis are presented in Tables 
A4.7, A4.14 and A4.20, in appendix 4. Model REM2 has the 
higher SSR values at all reaction temperatures and is 
inferior to the other two models, LHM and REMl. This 
model REM2 was therefore rejected.

Figures 4.20, 4.21 and 4.22 illustrate the temperature 
dependence of the kinetic and adsorption eauilibriura 
constants. The lower plots are for the kinetic constants 
while the upper plot is for the adsorption constants. The 
plots obev the Arrhenius and Van’t Hoff laws. Tables 4.6
4.7 and 4-8 summarise the estimated apparent activation 
energies, heat of adsorption of alcohol and pre-exponential 
factors over zeolites.

The activation energies obtained from the Langmuir- 
Hinshelwood (LHM) and Rideal-Eley (REMl) models compare 
well with those obtained from the empirical Power function
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rate expression. The results have already been discussed 
earlier and compared with literature values. This 
observation suggests that the adsorption process does not 
greatly influence the estimated activation energy and 
pre-exponential factor because the reaction order tends to 
zero .

The heat of adsorption shows an exothermic adsorption 
process. The alcohol adsorption equilibrium constant 
decreases with increasing temperature. The absolute value 
of the heat of adsorption of isopropanol (32 Kcal/gmole) 
is greater than the heat of liquefaction of isopropanol 
(11 Kcal/gmole), while those of n-butanol and ethanol 
are smaller than their corresponding heat of liquefaction.
A high value of heat of adsorption implies that the adsorption 
process is one of chemisorption while a low value suggests 
physical adsorption.

It is interesting to note that the above rate equations 
will predict a decline in the rate of formation of ether 
at high temperatures. This decline is due to the effects 
of the adsorption constant and the reverse reaction and will 
be fully explained in section 1.3.1. Also this drop in the 
ether formation is consistent with the shift in the 
equilibrium conversion as the temperature increases.
Secondly, the rate expression will also predict a maximum 
ether production in a larger size catalytic reactor, or a 
static system because the effect of the reverse reaction at
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high conversion of alcohol has been taken into consideration.

Theoretically the apparent activation energies and 
the pre-exponential factors obtained from the LHM and REMl 
models are related to each other by the following 
expressions.

and
^o,LHM ^o,REMl^^Ao ^.15

Experimental data support these relationships. For example 
the apparent activation energy (36 Kcal/gmole) estimated 
by the LHM model is practically equal to the sum of the 
apparent activation energy (29 Kcal/gmole) estimated by the 
REM2 model and the. absolute heat of adsorption of n-butanol 
(6.9 Kcal/gmole). Thus the apparent activation energy and 
pre-exponential factor estimated by the Rideal-Eley mechanism 
model are smaller than those obtained from Langmuir-Hinshel- 
wood mechanism model. The difference in the apparent activation

energy being the heat of adsorption of the reactant.

The alcohol thermodynamic equilibrium constant for 
the formation.of ether is found to be greater than that 
for the formation of olefin under the same reaction conditions 
and for all alcohols. This observation suggests that the 
alcohol dehydration reaction to form ether and olefin do 
not take place on the same active site.

Furthermore, it indicates that the saturation partial 
pressure of alcohol is higher for ether formation than for
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olefin formation. This is also evident in the difference 
in the reaction orders and has been discussed previously.
The above conclusion is in excellent agreement with the 
observation of Jain and Pillai (13).

It can be concluded that the LHM and REMl models can 
statistically and quantitatively represent the kinetic data 
on the dehydration of alcohol to ether over zeolites under 
the reaction conditions used. The kinetic and adsorption 
equilibrium constants are satisfactorily correlated by 
Arrhenius and Van't Hoff laws, respectively. The dehydration 
of alcohol to both olefin and ether are surface reactions, 
but requiring different active sites and proceed through 
different transition states..
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/.3 Results and Discussion of the Dehydration of Isopropanol 
and Ethanol over Synthetic Cation Exchange Resin.

4.. 3 .1 Introducti on

It has been shown that cation exchange resin has 
appreciable catalytic activity for the dehydration of 

alcohols (33, 34, 46, 52). Lister (90) has also reviewed 
some chemical reactions of industrial importance which have 
been studied over cation exchange resins.

Existing kinetic data on the dehydration of isopropanol 
(33) and ethanol (34) over synthetic cation resin are within 
limited temperature ranges. Hence a kinetic study of the 
vapour phase dehydration of isopropanol and ethanol was 
undertaken to extend these temperature ranges. Secondly it 
is hoped that favourable reaction conditions can be found 
for the exclusive production of ether(s).

Kinetic data were obtained for the dehydration of 
isopropanol and ethanol over Dowex 50-X-8 cation exchange 
resin. The exchange resin was in the hydrogen form, with 
an effective diameter of 0.56 mm. The kinetic experiments 

were performed in a continuous stirred gas solid reactor, 
kept at 1-bar gauge total pressure.

Pure alcohol feed diluted with high purity nitrogen 

was fed into the reactor system held under operating



conditions but without the catalyst. Gas-liquid chroma
tographic analysis did not detect any product, i.e. alcohol 
passed through the system unreacted. This indicates that 
there is no uncatalysed side reactions or thermal dehydration 
of alcohol at these operating conditions.

During the dehydration of ethanol no other product 
besides di-ethyl ether and ethylene was detected. This 
suggests that cation exchange resin catalyst does not catalyse 
other side reactions within the temperature range investigated 
But when isopropanol was dehydrated a small amount of acetone 
was detected.

The activity of the catalyst was checked after the 
experimental runs. No deactivation of the catalyst was 
noticed, probably because at these low temperatures thermal 
cracking of alcohol or products was absent.

On the basis of careful selection of reactor spinning 
speed, the effects of external mass and heat transfer have 
been eliminated. The effects of diffusional limitations have 
been assessed by the criterion of Weisz and Practer (93) 
(appendix 3). The assessment was based on the dehydration 
of isopropanol over the same catalyst and reaction conditions. 
The results of the assessment show that internal mass and 
heat transfer effects are insignificant within the reaction 
conditions studied. Since internal diffusional effects are 
completely absent during the dehydration of a more reactive 
and bulkier isopropanol than ethanol, these effects must
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be insignificant for the dehydration of ethanol. Similar 
conclusions have been found by Johanson et al (34, 46-47) 
and Gottifredi et al (33). Therefore, it is safe to assume 
that the kinetic data were obtained only in the reaction- 
controlled regime and under isothermal conditions. The high 
activation energies found for both dehydration reactions over 
cation exchange resin catalyst confirmed that external and 
internal diffusional limitations were minimal. These results 
will be presented later.

For each run, the rates of formation of ether and olefin 
were calculated using the material balances for an ideal 
continuous stirred gas solid reactor given by equations 4-1 
and 4.2. The calculated rate of formation for each component
has an average deviation from the mean which is less than 4^.

Preliminary runs with salt form of synthetic cation 
exchange resin catalyst showed that it has no activity within 
the reaction conditions investigated. This observation is in 
agreement with Gates and Johanson (47), who reported that 
complete replacement of hydrogen ions with metal ions 
resulted in no catalytic activity towards the dehydration of 
methanol, ethanol and t-butanol.

Tables A4.21 and A4.22,in appendix 4, summarise the
kinetic data on the dehydration of isopropanol and ethanol 
over synthetic cation exchange resin, respectively. Figures 
4.23 and 4.24 show the influence of partial pressure of iso
propanol or ethanol on the rates of formation of propene or
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ethylene. The rate of formation of propene increases with 
increasing partial pressure of isopropanol. It indicates 
that the active sites on the catalyst are not completely 
saturated. It can also be seen that the order of the reaction 
is not zero. This observation does not agree with the results 
of Gottifredi et al (33)» but the present experimental work 
was carried out at higher temperatures. It has been 
demonstrated experimentally that heterogeneous reaction 
order increases with increasing temperature, see table 4-.1.
At reaction temperatures, 120°C and 131^0, the rate of 
formation of ethylene first increases and then decreases 
with increasing partial pressure of ethanol. At a reaction 
temperature of 14-2^0 it increases rapidly at low partial 
pressure, below 0.3bar. Beyond this pressure the rate 
of ethylene formation remains virtually constant up to P^ of 
0.7bar. The initial rapid increase in the rate of formation 
of ethylene is due to unsaturated active sites. The maximum 
reaction rate is obtained at P^ of approximately O.lbar.
This partial pressure was found to be dependent on temperature 
probably because adsorption decreases with increasing tempe
rature. The rate of formation of ethylene remains nearly 
constant beyond 0.3 bar at all temperatures within the range 
of partial pressure of ethanol studied. This observation 
shows that the active sites on the catalyst are completely 
saturated. It suggests that further increase in ethanol 
concentration is not likely to increase the rate of formation 
of ethylene. This behaviour is expected because monomolecular 
heterogeneous reactions should have a tendency toward
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zero-order when the concentration of the reactant increases, 
since the coverage of the reactant cannot exceed a single 
layer. Johanson et al (31» 4.8-50) did not report the formation 
of ethylene when ethanol was dehydrated over cation exchange 
resin. It is interesting to note, that the production of 
ethylene never exceed 10^ of the production of di-ethyl ether 
under any reaction condition.

Figures 4- .25 and 1.26, illustrate the effect of partial 
pressure of isopropanol and ethanol on the rates of formation 
of di-iso-propyl and di-ethyl ethers. The data on isopropanol 
can be represented by a single curve. Three phenomena which 
may explain this observation are: the effects of adsorption 
constant, reverse reaction and a consecutive reaction scheme.

The adsorption equilibrium constant (K^) without disso
ciation decreases with increasing temperature, while the 
reaction rate constant (K^) increases with increasing tempera
ture. The rate of decrease of adsorption constant may be more 
than the rate of increase of the kinetic constant. In such a 
case, the products of the two quantities, and K^, may 
decrease with increasing temperature. This situation may 
lead to a considerable decrease in the overall rate of 
reaction. The decrease becomes greater when a square of the 
adsorption constant is involved in the numerator, as in the 
case for the rate of formation of ether (LHM model).

The dehydration of alcohol to ether is strongly affected 
by the reverse reaction. This has been discussed in chapter 1. 
It may also lead to lower overall reaction rate at higher 
temperature.
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A consecutive reaction scheme could also explain the 
observed reduction in the rate of formation of di-iso-propyl 
ether with increasing temperature. The reaction scheme may 
be written as

1 2 
2 A  ----► E + W ----- ^ 2 0 + 2 W 4.16

At higher temperature, reaction step 2 takes place readily 
and the net amount of ether produced, is small. Therefore 
leading to lower overall reaction rate at higher temperature.

The rate of formation of di-iso-propyl or di-ethyl ether 
increases progressively with increasing partial pressure of 
the corresponding alcohol. This observation suggests that the 
active sites on the catalyst have not been completely saturated. 
This behaviour is true in the case of the formation of propene, 
but not in the case of ethylene formation. This suggests that 
the saturation partial pressure of ethanol for the production 
of di-ethyl ether is higher than that for ethylene formation.
A similar observation has been discussed earlier and reported 
by Jain and Pillai (13).

The partial pressures of the products are very small 
compared with the partial pressure of the reactant. The kinetic 
data show that the overall dehydration of isopropanol proceeds 
faster than the overall dehydration of ethanol over synthetic 
cation exchange resin at the same reaction conditions. One 
explanation is due to the difference in the ease of releasing 
the hydroxyl groups. The isopropanol could release its 
hydroxyl group relatively faster than ethanol because of the
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effects of the two methyl groups.

There is also another very important observation about the 
product distribution. The dehydration of isopropanol resulted 
in higher yield of olefin than ether. That is, the selecti
vity (R^/Rg) of olefin formation increases with branched chain 
alcohol. Thermodynamically the formation of propene or di
ethyl ether is favoured over the production of ethylene or di- 
iso-propyl ether at the same reaction temperature. This is 
evident from the effect of temperature on equilibrium 
constant illustrated in figures 1.2 and 1.3. Hence the 
present observation is consistent with equilibrium behaviour.

The selectivity, Rq /R^, decreases with increasing partial 
pressure of alcohols. This observation suggests that the 
dependence of the rate of formation of ether on is higher 
than that of the rate of formation of olefin on P^. A similar 
observation has been found earlier and reported in (67).

The present results show that the cation exchange resin 
catalyst is more suitable for the exclusive dehydration of 
ethanol to di-ethyl ether than for the dehydration of ; 
isopropanol to di-iso-propyl ether. Exclusive production 
of di-iso-propyl ether requires a lower reaction temperature 
or dehydration of isopropanol in liquid phase. Further 
work is required to determine favourable conditions for the 
exclusive production of di-iso-propyl ether.
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4 -3 • 2 Kinetic Rate Expression 

4-3 '2.1 Power Function Rate Expression.

The kinetic data on the dehydration of isopropanol or 
ethanol over synthetic cation exchange resin catalyst were 
regressed non-isothermally using the empirical power rate 
equations for the formation ôf olefin and ether 
respectively.

Tables 4.3 and 4.4 give the estimated parameters 
by the multi-linear least squares analysis. The R-squared 
co-efficients show that the power rate expression fits the 
kinetic data very well. The observed F-ratio exceeds the 
critical F-ratio from the statistical table at 95^ confidence 
level by a factor greater than 4. It indicates that the 
regression of the kinetic data on the dehydration of 
isopropanol and ethanol to both ether and olefin is 
statistically significant.

The order of each reaction is shown in column 5 in 
Table 4* 3 or 4* 4* The order of reaction leading to the 
formation of ethylene is negative, suggesting that the only 
possible reaction mechanism is that of the dual-site 
surface reaction controlling step. The orders of the other 
reactions leading to formation of ethers suggest that 
complete saturation of the active sites with reactant was 
not achieved.
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The activation energies for the dehydration of ethanol 
to ethylene and di-ethyl ether over synthetic cation exchange 
resin are 43 and 4-1 Kcal/gmole. The corresponding 
activation energies for the dehydration of isopropanol are
8.7 and -2.8 Kcal/gmole, respectively. A negative activation 
energy has been reported by Anderianova and Bruns (103) for 
the estérification of acetic acid in the vapor phase with 
ethanol over cation exchange resin catalyst. The values cf 
the activation energies and pre-exponential factors for the 
dehydration reactions over cation exchange resin are 
different from those values obtained for the zeolites and 
those reported in literature, (see table 1.2). The possible 
explanations for this observation are the effects of external 
mass transfer and alcohol adsorption co-efficient. The 
former is not significant in the present experiments as 
has been discussed previously. The latter explanation can 
be demonstrated theoretically as follows.

Figure 4.2? shows that the rate of formation of olefin 
increases progressively with increasing partial pressure 
of isopropanol. The equilibrium concentration of isopropanol 
at low coverage can be represented by Freundlich isotherm 
equation of the form

l/n l/n
®A " ^A ^A 4. 17

with 0 < l/n < 1

If the formation of olefin occurs according to monomolecular 
catalytic reaction, then the rate of formation of olefin
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is given by
l/n

^0 ' 4.18'

Similarly the rate of formation of ether can be written as

Re = KtE Rae" pf” -̂19
if the formation of ether takes place according to LHM model 
and the reverse reaction is essentially insignificant.

These derived rate expressions 4.18 and 4.19 are in 
agreement with the empirical power function rate equations 
which satisfactorily fit the experimental data on the 
dehydration of isopropanol over cation exchange resin.

When and are expressed in terms of
Arrhenius and Van’t Hoff temperature dependence expressions, 
and using the reaction orders obtained from regressing the 
data, the rates of formation of olefin and ether become

Rq = ^ 0  -(^AO + °-63 AH,)/RgT P° ' «
and

R e  = ^ E  % i ; E ^  - ( % A E  + 1 - 9 1  A H p / R g T  pj ' 91 ^ . 2 1

If the adsorption process was that of chemisorption without 
dissociation, the heat of adsorption would be comparable 
with or higher than the heat of liquefaction of isopropanol 
(10.5 Kcal/gmole). Hence equation 4.21 could yield a 
negative temperature co-efficient, while 4.20 yields a very 
small activation energy.
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The deduced expressions can correctly explain 
the estimated pre-exponentials and activation energies 
obtained from the power function rate expressions. The 
same reason can be used to explain the correlations obtained 
when the kinetic data on the dehydration of ethanol were 
fitted with a power function rate expression.

The present results show that the power function rate 
equation should not be used to correlate the experimental 
data on the dehydration of isopropanol and.ethanol over 
cation exchange resin, because the temperature co-efficients 
and pre-exponential factors are markedly affected by the 
adsorption process. However, the empirical power function 
rate expressions have been found to satisfactorily represent 
the kinetic data on the dehydration of isopropanol and 
ethanol over zeolites. This behaviour.is due to low reaction 
orders obtained for the dehydration reactions over zeolites. 
The results also suggest that power function rate expression 
could only give the true activation energy and pre-exponential 
factor for a heterogeneous reaction, when its rate is 
competely independent of reactant concentration, that is, a 
zero-order reaction. Hougen-Watson type of rate equation 
should be used to correlate the kinetic data on cation 
exchange resin catalyst.
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4.3.2.2 Hougen-Watson Rate Expression.

4.3.2.2.1 Rate of Formation of Olefin.

Equations 4*9 and 4.10 are the two proposed rate 
expressions for the catalytic dehydration of alcohol to 
olefin. These rate equations have been found to describe 
the effect of partial pressure of isopropanol and temperature 
on the rate of formation of propene. However, only equation 
4.9 which is based on the dual site mechanism was found to 
explain the influence of partial pressure of ethanol and 
temperature on the rate of formation of ethylene. The rate 
expressions based on the adsorption of isopropanol or ethanol 
as the rate limiting step were found to be unsatisfactory.
The model based on the desorption of water as the rate 
determining step can be discarded in the ease of ethanol 
dehydration to ethylene, but not in the case of the dehydration 
isopropanol to propanol.

The estimated kinetic, and adsorption constants obtained 
from the linear least squares analysis are presented in 
table A4.11. The kinetic data on the dehydration of isopro
panol over synthetic cation exchange resin could not be 
satisfactorily correlated at all temperatures by any of these 
models (SRI and SR2). This is evident in the low R-squared 
values at high reaction temperature. The model based on the 
desorption of water as the rate controlling step correlated 
the data adequately. However, it resulted in negative 
adsorption co-efficients, K^, at all reaction temperatures. 
Moreover the kinetic constants at diffent temperatures do
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not obey the Arrhenius law. This observation suggests that 
the rate determining step may change with increasing 
temperature or the rates of both surface and desorption 
of water may be comparable at high temperatures.

Thaller and Thodos (70) have reported that the 
controlling step of the catalytic dehydrogenation of sec-butanol 
to methyl-ethyl-ketone over brass catalyst changes with re 
reaction temperature. At low reaction» kinetic data showed 
surface reacton controlling step, while at high temperature 
the desorption of molecularly adsorbed hydrogen appeared to 
be the rate limiting step.

Gottfredi et al (33) did not find a satisfactory 
correlation for their kinetic data on the dehydration of 
isopropanol over synthetic cation catalyst using the Hougen- 
Watson approach. A similar difficulty has been encountered 
by others (33). The best explanation for this difficulty is 
probably due to the physical adsorption of water on synthetic 
cation exchange resins.

The non-linear analysis was performed on the kinetic 
data on the dehydration of isopropanol over cation exchange 
resin despite the failure of the Hougen-Watson rate expressions 
in the linear regression. The results of the non-linear 
regression are presented in table A4.12.

There is poor agreement between the parameters obtained 
from linear and non-linear analyses based on the surface
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catalysed reaction controlling rate expressions. However, 
there is excellent agreement between the parameters obtained 
from these methods, based on the desorption of water 
controlling rate equation. The explanation for the poor 
agreement between the parameters estimated from the surface 
reaction controlling step rate expressions could be due to 
two factors:
a) A saddle point or local minimum occurs.

b) Poor kinetic data as suggested by Froment and Bischoff 
(105).
The latter is not likely to' be the explanation for the large 
differences obtained,because the same kinetic data gave no 
difference in the parameters obtained using the desorption 
of water (DEW) as the controlling rate expression.

Results of the non-linear regression of the surface 
catalysed reaction determining rate expression with the 
kinetic data reveal that there is a maximum in the plot of 
In versus l/T. The maximum occurs at high temperature. 
This observation suggests that there is likely a shift in 
the rate controlling step.

Results of the statistical analysis of the kinetic data 
on the dehydration of isopropanol do not allow any firm 
conclusion to be made about the rate limiting step. It only 
indicates a shift in the rate controlling step.
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4.3.2.2.2 Rate of Formation of Ether.

Of the rate expressions tested, equations 4.11, 4.12 
and 4.12 will be reported here. These are based on the 
assumption that surface catalysed reaction is the rate 
controlling step. These rate equations were found to 
predict the effects of partial pressure of isopropanol or 
ethanol and temperature on the rate of formation of 
di-iso-propyl or di-ethyl ether.

Rate expressions based on the assumption of alcohol 
or desorption of water is the rate determining step were 
found to be unsatisfactory. Linear and non-linear analyses 
of data yielded poor fit and unacceptable characteristics 
of the estimated kinetic and adsorption constants. These 
values will not be reported here.

4.3-2.2.2.1 Formation, of Di-iso-propyl Ether.

Statistical analysis revealed the inadequacy of the 
rate expressions 4.11, 4-12 and 4.13 in fitting the behaviour 
of the kinetic data with increasing temperature. The 
explanation for this is probably due to an increase in the 
partial pressure of water as a result of higher reaction 
rate at higher reaction temperature.

The water adsorption term (K^P^) was added to the 
adsorption terms of these rate equations. Then all the data 
were regressed again. The regression showed an improvement, 
but resulted in negative adsorption co-efficients and 
unacceptable characteristics of the estimated constants.
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Furthermore, the homogeneous rate expression given by

was found to correlate the kinetic data satisfactorily. The 
residual mean sums of squares obtained from the above rate 
equation (4.22) were smaller than those obtained from the 
Hougen-Watson rate expressions. However, the temperature 
dependence co-efficient is very small, about 1.0 Kcal/gmole.
This co-efficient is greatly affected by adsorption, and has 
been demonstrated theoretically earlier in section 4-3.2.1.

Gottfredi et al (33), the only authors, who have reported 
the dehydration of isopropanol over synthetic cation exchange 
resin had difficulties in correlating their kinetic data with 
Hougen-Watson rate equation. It was found that the Hougen- 
Watson rate expression fitted the data in a reduced range of 
partial pressure of water. The inadequacy of the Hougen-Watson 
rate equation to represent the kinetic data on the dehydration 
of isopropanol over synthetic cation exchange resin is propably 
due to the higher reactivity of isopropanol. Hougen-Watson 
rate equation satisfactorily correlated kinetic data on the 
dehydration of ethanol which has lower reactivity, over 
synthetic cation exchange resin as reported in (34, 46, 47) 
and found in the present studies.. This will be discussed shortly.

It is well known that synthetic cation exchange resin 
has a high affinity for water. This probably explains its 
relatively slower desorption rate as suggested by the analysis 
of the kinetic data.
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4.3*2.2.2.2 Formation of Di-ethyl Ether.

The estimated kinetic and ethanol adsorption constants 

are presented in tables A4.19 and A4.20, in appendix 4* The 
reaction rate constants are positive and obey the Arrhenius 
law.

REM2 model correlated the data adequately at two 
temperature levels. However, it yielded a negative ethanol 
adsorption co-efficient at the lowest temperature from the 
linear least squares analysis and a very high value from 
the non-linear least squares analysis. The model, REM2, 
is rejected on the basis of negative adsorption constant 
at lowest temperature.

Both REMl and LHM satisfactorily correlated the kinetic 
data on the dehydration of ethanol to di-ethyl ether over 

cation exchange resin. The two models remain indistinguishable.

Figure 4-27 shows the temperature dependence or reaction 
rate and ethanol adsorption equilibrium constants obtained 
from models REMl and LHM. The upper plot is for while 
the lower plots are for . The estimated pre-exponential 

factors, activation energies, heat of adsorption of ethanol over 
cation exchange resin are shown in table 4.8.

Figure 4.28 shows the plot of the experimentally 
observed versus calculated rates from these models, the 
mean relative deviation being 8.7# for all the kinetic 
data. The mean percentage deviation is given by
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The relative deviation obtained from the empirical 
power function is 12^ for all the kinetic data. This 
observation shows that the Hougen-Watson rate expression 
can correlate the kinetic data on the dehydration of ethanol 
to di-ethyl ether over synthetic cation exchange resin 
better than the power function. This is probably because 
the reversibility of the reaction, and the depressive behaviour 
of ethanol are neglected by the power function rate 
expression.

It can be concluded that LHM and REMl are the two 
models which satisfactorily represent the kinetic data 
on the dehydration of ethanol to di-ethyl ether over 
cation exchange resin. This conclusion is in perfect 
agreement with Kabel and Johanson (3^),,who have found that 
surface catalysed reaction is the rate limiting step for 
same reaction over the same catalyst in the temperature range 
105°C to 125^0. This conclusion also agree with that of 
many others, see tables 1.2, 1.3 and 1.4-.

Activation energies estimated from the slopes of the
plots of logarithm of kinetic constants against the inverse 
Qp absolute temperature are 24- and 7.6 Kcal/gmole from

LHM and REMl models, respectively. It is very difficult 
to compare activation energies, because of different
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experimental conditions. Tables 1.2, 1.3 and 1.4- show a 
summary of apparent activation energies for the dehydration 
of alcohols over solid catalysts. It is evident from these 
reported results that activation energies in the literature 
vary widely. Nevertheless, the activation energy obtained 
from the present kinetic analysis using the LHM model 
agrees with some of those reported in the literature.
However, the activation energy obtained from the REMl 
model is small compared with literature values.

The heat of adsorption of ethanol was found to be 
-16 Kcal/gmole. This value is negative, which implies 
exothermic adsorption. This is expected, since thermodynamically 
the rate of adsorption decreases with increasing temperature.
The absolute value is very large compared with the heat of 
liquefaction 9.4- Kcal/gmole, suggesting that ethanol is 
cheraisorbed on cation exchange resin. Equation /.21 gives 
the deduced rate expression for the formation of di-iso
propyl ether. The corresponding rate equation for the form 
formation of di-ethyl ether, using the reaction order obtained 
from regressing the data is given by

^E  ̂ *oE^AoE^^P"(^A ^A ^.2/

If the heat of adsorption obtained in the present studies 
is used in the above expression, it can be seen that a low 
activation energy would be obtained. This observation 
confirms the previous conclusion that the estimated activation 
energy and pre-exponential factor obtained from empirical
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power function rate equation are markedly affected by the 
adsorption process. The values of the heat of adsorption is 
in excellent agreement with Kabel and Johanson (34)» ^ho 
reported a value of -16.0 Kcal/gmole.

Hydrogen bonding may also be involved in the chemisorp- 
tion of ethanol on synthetic resin catalyst and has been 
suggested by Z'undel et al, (41). If this happens, it would 
have a considerable influence on the heat of adsorption.

The entropy of adsorption is negative, -39 cal g/mole °K 
Its absolute value is less than the standard entropy of 
ethanol in the fluid phase 68 cal g/gmole °K. This indicates 
that the adsorbed ethanol molecule loses entropy on 
adsorption as expected,

4.4 Conclusions.

a) Both principal products (ether and olefin) were formed 
when n-butanol, isopropanol and ethanol were dehydrated.

b) Empirical power function.rate expressions satisfactorily 
correlated the kinetic data on the dehydration of alcohols 
to ethers and olefin over zeolites 13X, 4A and ZNa.

c) Activation energies have been found for each dehydration 
reaction.

d) Reaction orders have been established for the dehydration 
reactions. Generally the reaction order for the formation
of ether is higher than for the formation of olefin at the 
same reaction conditions.
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e) The dehydration of alcohols (n-butanol, isopropanol and 
ethanol) were all found to be surface reaction controlling 
at all reaction conditions except the dehydration of isopro
panol over synthetic cation exchange resin.

f) The dehydration reactions follow a simultaneous reaction 
scheme and were found to require different active sites and 
proceed through different transition states.

g) Dual site mechanism (SR2) rate expression satisfactorily 
correlated all kinetic data on the dehydration of alcohol to 
olefin except those for the formation of propene over synthe
tic cation exchange cation resin, while the single site (SRl) 
mechanism fails in some cases.

h) Langrauir-Hinshelwood mechanism. (LHM) and Rideal-Eley 
mechanism (REMl) were found to equally fit the kinetic data 
on the dehydration of alcohols to ethers except those for 
the dehydration of isopropanol to di-iso-propyl ether over 
synthetic cation exchange resin. Both models remain indis
tinguishable. Relationship between the activation energies 
and pre-exponential factors from both models were deduced. 
These relationships were found to be valid for all dehydration 
of alcohols to ethers over solid catalysts employed in the 
present studies.

i) Power function and Hougen-Watson rate equations satis
factorily represent the kinetic data on the catalytic 
dehydration of alcohols to olefin equally, however the Hougen- 
Watson rate expressions were superior to empirical power
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function rate expressions in describing the kinetic data on 
the formation of ethers.

j) The alcohol adsorption and kinetic constants for the 
simultaneous reactions were satisfactorily correlated with 
the Arrhenius and Van’t Hoff equations.

k) The estimated activation energy and pre-exponential 
factor obtained from empirical power function rate equation 
using data on synthetic cation exchange resin were found to 
be markedly affected by adsorption.
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CHAPTER 5

MECHANISM, SELECTIVITY AND REACTIVITY OF ALCOHOLS AND

ACTIVITY OF ZEOLITES

5 .1- Alkene Product Distribution

5.1.1 Introduction

Previous work on the catalytic dehydration of n-butanol 

(71-74), except that by Pine and Haag (75) has not resolved 

the isomeric alkene products.

The study of product distribution of alkenes from the 

elimination reactions of organic compounds of the forms 

RfCH^CHXR^ is very helpful in shedding light on the reaction 
mechanism. Noller et al (11,14) have given an extensive 

review on elimination reactions over polar catalysts, 
including a section on the elucidation of reaction mechanism 
by examining the product distribution.

The catalytic dehydration of n-butanol over alumina 

was studied by Pine and Haag (75), at reaction temperatures 

of 350 and 410°C. It was found that some catalysts gave 

almost pure 1-butene while others produced mixtures of 

alkenes, that is 1-butene, cis-2-butene, trans-2-butene

and iso-butene. At 350°C, values of the ratio of cis to 

trans isomers were found to lie between 0.9 to 2.3 which
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were above the equilibrium value of 0.6. This indicates 
that some catalysts favour the formation of cis-2-butene.
The preferential production of the cis-isomer is explained 
by the formation of an intermediate proton olefin complex.
The cis-w-complexes are more stable than the trans-n- 
complexes, hence the formation, of cis-isomer is favoured. 
Knozinger and Buhl (79) have observed a high cis preference 
during the catalytic dehydration of 2-butanol over alumina. 
Many authors have also reported cis preference during the 
catalytic elimination of haloalkanes.

The distribution of 1-butene and 2-butenes from the 
elimination of 1-halo-butane over lithium salts has been 
studied in a microcatalytic reactor at temperatures between 
320-270°C (42). It was observed that the catalyst favoured 
the production of 1-butene above other isomers. Kladnig 
and Noller (76) have studied the elimination reactions of
1 -chlorobutane and 2-chlorobutane over Linde 13X and 4A 
zeolites containing different cations at reaction temperatures 
between 130 and 400°C. Using the product distribution of 
the alkenes, the mechanism of the elimination reaction over 
13X and 4A catalysts was deduced. 1-Butene was found to 
predominate over 2-butenes up to 200°C using 13X zeolites. 
Linde A with Zn̂ "*" cation, however, gave mainly 1-butene over 
the entire temperature range studied. It was concluded that 
NaX showed an E2 mechanism character at lower reaction 
temperature but the mechanism shifts to El type with higher
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reaction temperature. For Linde A with Zn^^, E2 mechanism was 
found to apply at all reaction temperatures.

The results from elimination reactions of haloalkanes 
would probably be different from the dehydration reactions 
because the chemisorption of alcohols on catalyst is stronger 
than that of haloalkanes. The product distribution of alkenes 
from the catalytic dehydration of n-butanol was therefore 
studied so as to gain some insight into the reaction mechanism. 
Tables A5.1, A3.2 and A3.3» in appendix 3, present the alkene 
distribution over zeolites 13X, 4A and ZNa.

3.1.2 The Effect of the Partial Pressure of Alcohol.

Figures 3.1, 3.2 and 3.3 show the effect of the partial 
pressure of n-butanol on product distribution. The percentages 
of all the components were found to be independent of the partial 
pressure of n-butanol. The same bahaviour was observed at all 
reaction temperatures. This suggests that the rate of formation 
of alkenes are of the same order with respect to n-butanol 
partial pressure.

Jewur and Moffat (78) have found that the percentage con
centration of 1-butene, trans-2-butene and cis-2-butene remained 
the same for all the space times used during the dehydration 
of 2-butanol over boron phosphate.

The formation of 1-butene over 13X zeolite predominates 
at all alcohol partial pressures (Fig. 3.1). This indicates 
that 13X zeolite favours the formation of 1-butene. While for 
4A zeolite with sodium ions (Fig. 3.2), the production of
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trans-2-butene is favoured at all alcohol partial pressures.
For ZNa zeolites, at 235°C, the production of trans-2-butene, 
predominates at all partial pressures. But at higher reaction 
temperatures, the percentage of 1-butene was slightly higher 
than that of trans-2-butene over all alcohol partial pressures.

5.1.3 The Effect of Temperature.

Figures 5./, 5.5 and 5.6 show the effect of reaction 
temperature on the distribution of alkene for the zeolites 13X, 
/A and ZNa respectively. The dehydration of n-butanol over 
these zeolites was studied between 230°C and 300°C.

For 13X zeolite. Fig. 5 shows that. 1-butene isomer was the 
main product in the temperature range investigated. However 
the total percentage of the other isomers (2-butenes) increases 
slightly with increasing temperature. This is an indication 
either of the reaction mechanism shifting towards El type or 
that a Wagner-Meerwein rearrangement reaction takes place 
relatively faster. This will be fully discussed later.

For 4-A zeolite. Fig. 4-.5» trans-2-butene predominates 
at all temperatures. Its percentage increased with increasing 
reaction temperature, while the percentage of 1-butene falls 
sharply with increasing reaction temperature. The fraction 
of cis-2butene also increased with increasing reaction tempe
rature. Increasing production of 2-alkenes with increasing 
reaction temperature is considered to be an important criterion 
for a shift of reaction mechanism from E2 to El type. This 
assumes that the dehydration reaction is taking place according 
to E2 type mechanism at lower reaction temperature.
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The formation of 1-butene over ZNa, figure 5.6, inreases 
slightly from 2>1% at 235°C to kl.% at 300°C, whereas the 
percentage of trans-2-butene falls slightly from 1̂ 2% at 
235^0 to 33% at 300°C. The total percentage of 2-butenes 
decreases slightly from 63% at 235 to 59% at 300°C. This 
probably indicates either one of the following:
a) Increasing reaction temperature does not change the 
mechanism of the reaction over ZNa.

b) The catalyst selectivity towards the formation of
1-butene increases with increasing reaction temperature.

Two effects which may explain the former possibility are:
a) The effects of reaction temperature
b) Acidic sites on reaction mechanism
Increasing reaction temperature or acidic strength shifts the 
reaction mechanism towards El type. The number of acid sites, 
especially the strongest ones, may be deactivated by the 
increasing temperature. If this happens, the reaction mechanism 
shifts towards E2 type. These two effects on the changing of 
reaction mechanism probably balance each other, hence the 
reaction mechanism on ZNa zeolite becomes independent of 
reaction temperature.

The ratio of cis-2-butene to trans-2-butene increases 
with increasing reaction temperature for all the catalysts 
(Figures 5.4, 5.5 and 5.6). This suggests that all the 
catalysts are more selective towards the formation of the 
cis isomer.
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5.1.4 Discussion

5.1 .4.1 Product Distribution.

The catalytic dehydration of n-butanol to alkene 
isomers can take place according to three basically 
different mechanisms. They are called El, E2 and ElcB 
mechanisms. The ElcB (cB conjugate base) will not be 
considered here, because it is not expected, since the 
catalysts employed in the present study are predominantly 
acidic catalysts. Only a few authors (11) have shown ElcB 
to be experimentally and theoretically possible for the 
elimination reaction.

The only mechanism that can explain the formation of 
the isomeric butenes from the dehydration reaction is the 
El type mechanism. E2-like mechanism only leads to the 
formation of 1-butene. However E2 type mechanism followed 
by secondary isomerization reactions of 1-butene can also 
lead to the formation of other isomeric products (iso-butene, 
cis-2-butene and trans-2-butene). The production of
2-alkenes (cis and trans) in the absence of secondary 
isomerization reactions therefore strongly suggests a 
dehydration reaction proceeding according to El mechanism.

The proposed dehydration reaction scheme according 
to El mechanism can be represented by
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The first chemical reaction step produces 1-butyl 
carbonium ion by the breaking of the carbon-hydroxyl group 
bond. Abstraction of the hydroxyl group is believed to 
occur on the acidic site, while the carbonium ion is 
adsorbed on the basic site. This suggests that possibly 
both sites are responsible for the dehydration reaction.

The 1-butyl carbonium ion undergoes the Wagner-Meerwein 
rearrangement to form the 2-butyl carbonium ion. 1-Butene 
can be produced from both 1 and 2-butyl carbonium ions, 
while the 2-alkenes can only be produced from 2-butyl 
carbonium ion. This therefore suggests that production of
2-alkenes,both cis and trans depends on the Wagner-Meerwein
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rearrangement reaction. The above reaction scheme cannot 
lead to the production of isobutene. If isobutene is 
produced, it must be from the skeletal isomerization 
reactions of the butene. The most probable isomers are the
2-butenes. The formation of isobutene requires the migration 
of a methyl group from carbon 2 to carbon 3, or vice versa.

The dehydration of n-butanol to olefinic isomers 
is not affected by the equilibrium conditions. This has 
been discussed in chapter 4. Therefore, the product 
distribution depends on the rates of reaction steps 3, 4> 5 
and 6, while the selectivity depends on the kinetics of steps 
3, 4» 5 and 6 and geometrical and molecular factors. One 
should also bear in mind that the formation of 2-alkenes 
depends very much on reaction step 2. The production of
2-butyl carbonium ion can be affected greatly both by the 
lack of active adjacent site to the adsorbed 1-butyl 
carbonium ion and the rate of formation of 1-butene 
through reaction step 3. So far, existing reports in 
literature have neglected these two factors, particularly 
the production of 1-butene isomer from 1-butyl carbonium 
ion. It is believed that all alkenes are produced through 
the same intermediate (2-butyl carbonium ion) because this 
ion is more stable than 1-butyl carbonium ion. There is 
no convincing evidence yet to prove that 1-butene cannot 
be produced directly from the 1-butyl carbonium ion.
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If isomerization reactions are taking place, then 
the product distribution would depend solely on the 
thermodynamic equilibrium conditions of the isomerization 
reactions. Figure 3.7 shows the thermodynamic equilibrium 
distribution of the butenes (1-butene, trans-2-butene and 
cis-2-butene). The thermodynamic equilibrium constants of 
isomerization reactions were estimated at various temperatures 
using the thermodynamic data (Gibbs free energy) of Stull et 
al (22). The thermodynamic equilibrium constants were used 
as the basis for the calculation of equilibrium distribution. 
Thermodynamically trans-2-butene is usually favoured over 
the other alkene isomers. At equilibrium, the composition 
of trans-2-butene decreases with increasing temperature 
while that of 1-butene and cis-2-butene increase with 
increasing temperature. The ratio of cis-2-butene to trans-2- 
butene also increases with increasing temperature. This 
suggests that cis-2-butene is thermally favoured. If 
isomerization reactions are accompanying the catalytic 
dehydration reaction, then reaction product distribution 
should follow the thermodynamic equilibrium distribution 
pattern.

Table $.1 shows the comparison of experimental product 
distribution over zeolites 13X, ZNa and 4A with the equili
brium product ditribution within the temperature range 
studied.
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with the Thermodynamic Equilibrium Product
Distribution

Product 1- trans-2- cis-2-
Catalyst Butene Butene Butene cis/trans

13X above below below above
ZNa above below below above
4A above slightly

below
below below

The percentage of 1-butene are above their thermodynamic 
equilibrium values at all n-butanol partial pressures and 
reaction temperatures for all catalysts. It can be said 
that isomerization reactions are absent and that the 
catalysts are more selective towards the formation of
1-butene. This high selectivity for 1-butene may be due 
to the fact that 1-butene can be produced through three 
different reaction routes (reaction steps 3 and 4 and E2 
mechanism) while other products can only be formed through 
one step.

The composition of 2-butenes are below their 
equilibrium values at all reaction temperatures, except 
trans-2-butene which is nearly at its equilibrium value 
for 4A catalyst . In this case it is possible that 
secondary isomerization reactions are taking place.
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The ratios of cis-2-biiterie to trans-2-butene are 
above the equilibrium values in the case of zeolites 13X 
and ZNa. Both catalysts clearly favour the production 
of cis isomer over its trans-isomer. This type of behaviour 
has been reported by many (11, 76-79, 159). There has been 
no convincing explanation given for the elimination reaction 
in general, in favour of cis isomer over the trans isomers.

The cis/trans ratios are below the equilibrium values 
in the case iA at all reaction temperatures and partial 
pressures of n-butanol. This is probably due to diffusional 
limitations of cis-2-butene which is the most bulky group.
The methyl groups are on the same side of the double bonds.

For all the catalysts used in the present studies, 
iso-butene was never detected under all reaction conditions. 
This is probably due to the fact that iso-butene cannot be 
produced directly from 1-butyl or 2-butyl carbonium ion or 
through the E2 type mechanism. The production of iso-butene 
involves the migration of methyl group from carbon 2 or 
carbon 3 in the 2-alkene products. Therefore the formation 
of iso-butene needs further readsorption of 2-butenes.
However the 2-butenes are weakly adsorbed on the active 
sites of the catalyst compared with n-butanol. Therefore 
the readsorption of 2-butenes is highly unlikely, because
2-butenes cannot compete with n-butanol which is strongly 
adsorbed and present in much higher concentrations.
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Secondly, the absence of iso-butene may be due to 
diffusional limitations because the bulky groups are attached 
to the same carbon atom. This however cannot explain its 
absence on zeolite 13X, which has large cavities.

The non-production of iso-butene is an important 
criterion which indicates that isomerization reactions did 
not occur. 2-Butenes are produced independently through 
the same intermediate and 1-butene is probably formed 
through three different routes or intermediates.

This conclusion appears to contradict with that of 
Pine and Haag (75)» who reported the presence of secondary 
isomerization reactions at their working temperatures.
However the present study was conducted at much lower reaction 
temperatures. The absence of skeletal isomerization reactions 
at low temperature may not be surprising, because isomeri
zation reactions require temperatures higher than that of 
the dehydration reactions.

5 .1. 4-• 2 Reaction Mechanism.

There is no doubt that the type of catalyst used 
affects the product distribution. Two basically different 
properties are probably responsible for the different 
product distributions. These two physicochemical properties 
are pore geometry and the presence of acidic and basic sites.
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It is well known that both acidic and basic sites 
are necessary for the dehydration of alcohol to olefin 
over solid catalysts. One site is used for the abstraction 
of the electronegative species or hydrogen while the other 
site is required for the stabilization of the carbonium ion 
or carbonium produced. Even in the E2-like mechanism, both 
sites are needed to rupture the broken bonds in the activated 
complex state. The stronger site probably dictates the type 
of mechanism or route which an elimination reaction follows. 
For instance, on a solid catalyst with paired basic and 
acidic sites, E2-type mechanism may be expected.

Zeolites are made up of essentially SiO^ and Al^O^*
Al^O^ and SiO^ are on the opposite sides of water respectively 
if they are arranged in order of increasing acidity. Hence 
a zeolite with.ratio of SiO^ to Al^O^ greater than 1.0, 
would exhibit acidic properties.

Therefore, the order of acidic strength of the zeolites 
used in the present work is

ZNa (10) > 13X (2.6) > NaA (2.0) 5.3

where the number within the brackets indicates the ratio 
of SiO^ to Al^O^. This sequence suggests that acidic sites 
are predominant on these zeolites. El-type mechanism 
therefore would be expected for the elimination reactions 
over these zeolites.
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For zeolites 4-A and ZNa, the El mechanism is 

preferred under all reaction temperatures. This is shown 
by the total percentage of 2-butenes which is equal to, 

or above 55^ of the butene production.

For zeolite 4-A, increasing temperature further 
increases this percentage, indicating that increasing 
temperature further shifts the mechanism towards El-type.
A similar change in mechanism from E2 to El type has been 
reported by Noller et al (11, 12) and Knozinger and 
Scheglila (77) for the elimination reactions of haloalkanes 
and 2-butanol.

It can be concluded that the dehydration of n-butanol 
over zeolites ZNa and NaA follows El mechanism.

The product distribution over 13X shows that 
1-butene is highly favoured. This may be explained 
by the following:

a) Reaction step 3 is very fast and only a small 
amount of 1-butyl carbonium ion undergoes Wagner- 
Meerwein rearrangement (reaction step 2), producing 
small amounts of 2-butenes (cis and trans). The 
Wagner-Meerwein rearrangement probably requires
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a vacant site whi ch might lead to 1 ittle format! on
2-butyl carbonium io n , be cause the active sites are
ne arly saturated by th(3 reactan t . This is suppo rte
th e low reaction ord er wi th res pect to al cohol cone
obtained.

b) If the Wagner-Meerwein rearrangement reaction, step 2 
does occur rapidly, because 1-butyl carboniun ion is less 
stable, as suggested by Kladnig and Noller (76) then the 
reaction step 4-» must be very fast compared with steps
5 and 6, before zeolite 13X could become highly selective 
to the formation of 1-butene.

c ) The preferential production of 1-butene on zeolite 
13X may be due to E2 mechanism predominance. That is, 
most of the 1-butene is produced according to E2 
mechanism. The El mechanism contributes much less towards 
the formation of 1-butene. However, the fact that 2-butenes 
(cis and trans) are produced in the absence of isomerization 
reactions suggests strongly that the dehydration reaction 
probably proceeds through an ionic mechanism.

The dehydration of n-butanol proceeds according to an 
ionic mechanism, on NaA which has the lowest SiO^/Al^O^ ratio 
among the three zeolites used. An increase of the SiO^/Al^O^ 
ratio in the skeleton of zeolites shifts the mechanism
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for the elimination reaction further towards El type. 
This is borne out in the case of ZNa which has a much 
higher SiO^/Al^O^ ratio. Therefore the dehydration 
of n-butanol most probably proceeds according to El 
mechanism with preferential formation of 1-butene as 
the principal product.

Kladnig and Noller ( 76 ) have also observed that 
1-butene predominates in the elimination of 1-chloro- 
butane over Linde NaX, but concluded that it was an 
indication of the E2 type mechanism. They have not 
considered the fact that 1-butene can be produced 
through reaction step 3.

The arguments proposed above have demonstrated that 
1-butene predominance may be attributed to the high 
activity and selectivity of 13X zeolite.

The preferential formation of 1-butene from 

1-halobutane has been observed on lithium salts (11, Z2)& 
Production of 2-butenes from 1-halobutane was considered 
as an important indication of the elimination reaction 
proceeding through El mechanism. The argument is in 
agreement with that proposed here for the dehydration 
reaction.
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5.2 The Activity of Zeolites .

The dehydration of n-butanol and isopropanol over the 

commercial zeolites 13X, 4-A and ZNa have been carried out 
under nearly the same conditions to make it possible for 
comparison purposes. The rate of formation of olefin is 
used here as the variable for comparing the activity of 

the catalysts.

Figures 5.8 and 5.9 show the effect of a family of 
zeolites on the dehydration of n-butanol and isopropanol 
at 280°C. The order of activity is found to be

for primary alcohol: 13X > 4-A > ZNa

for isopropanol: 13X > 2Na > 4.A

Zeolite 13X is the most active catalyst in both cases. 
One factor which can explain the high activity of zeolite 
13X is the highly developed surface and large cage structure.

Kinetic data by Bryant and Kranich (4-4-) on the

dehydration of ethanol, over the same family of zeolites (13X,

4-A and ZNa) showed a sequence of activity similar to the 
present one for the primary alcohols. It was found in 
the present study that zeolite XA is more active than 
zeolite ZNa in the dehydration of ethanol. The low activity 
of ZNa may be due to its low basic strength, making the 
abstraction of hydrogen atom on 3-carbon very difficult.
It therefore suggests that the dehydration of alcohol on 
zeolites takes place by an acid-base mechanism. However
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the effect of the basic sites dominates in the dehydration 
of n-butanol thus shifting the mechanism towards El type.
This has been fully discussed in section 5.1.

The sequence for the primary alcohols' does not 
correspond to that obtained for the isopropanol. In the 

latter case, zeolite ZNa was found to be more active than 4 A . 
One probable explanation is that of internal diffusional 
effects on isopropanol in the zeolite 4-A cavities. The 
diffusion of a branched chain alcohol is retricted in 
zeolite 4-A, which has the smallest cages, while that of 
straight chain alcohols is relatively easier.

Examining the relation between the catalytic activity 
and the acidity strength of the catalysts suggests that 
there is an optimum SiO^/Al^O^ at which the rate of dehy
dration of n-butanol or isopropanol is highest. The 
observed trend in the present study agrees with that given 
by Topchieva and Thoang (64, 65). Catalytic activity has 
also been correlated with acidity of the catalyst (43).
Further work is required for a vigorous determination of 
the optimum acid strength for the dehydration of alcohols.

The sequence of the activation energy for the dehydration 

of alcohols over zeolites 13X, 4A and ZNa (tables 4.2, 4-5 
and 4.7) is

13X > 4A > ZNa

A similar sequence was found for the dehydration of ethanol



124

over these catalysts (44). The main reason for lower 
activation energy for ZNa is due to more co-ordinative 

interaction between the reactant and the catalyst because 
of high acidic strength. Activation energy is a function 

of the bond between the reactant and the catalyst. If a 

reactant is too strongly adsorbed, it depresses the rate of 
the reaction. But if a reactant is weakly adsorbed the 
reaction rate may be low.

The order of activity here does not correspond to the 
order of increasing activation energy or pre-exponential 
factor. Activation energy or pre-exponential factor estimated 
for the dehydration of isopropanol to form propene over ZNa 
is smaller than that calculated for the same reaction and 
under the same reaction conditions for 4 A . Table 4.3 presents 
the results. This indicates that activation energy or pre
exponential factor is not very useful for comparing the 
activities of catalysts. Activation energy or pre-exponential 
factor could only be used if the plots of In versus l/T 
pass through the same intercept or are parallel.

The sequence of activity of the zeolites in the production 
of ethers from n-butanol and isopropanol is

13X > ZNa > 4A

This order corresponds exactly to the sequence of the cage 
size. The significance of geometrical and molecular shapes 
on the production of ether will be discussed in the next 
sections 5.3.1 and 5.3.2.
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5.3 Selectivity.

Product selectivity in multiple reactions is important 
industrially. Selectivity is an essential aspect of 
catalyst development and plays an important role in the 
selection of reaction conditions. Optimising product 
selectivity can lead to increase in process efficiency and 

product yield. Selectivity in catalysis has been reviewed 
in (95, 96, 97, 98).

5.3.1 Geometrical Shape Selectivity.

The selectivity of the simultaneous dehydration reactions 
is defined as the ratio of rates of formation of olefin to 
that of ether.

S = Rg/Rg

In the present study, selectivity was found to decrease with 
increasing alcohol partial pressure over all the catalysts, 
as shown in figure 5.10 and 5.11. This behaviour suggests 
that the dehydration reaction does not proceed according 
to a consecutive reaction scheme. If the latter had been 
the case, experiments using low reactant concentrations 
should have favoured the intermediate product ether.

The importance, of cage size is clearly shown by the 
influence of the zeolites on selectivity. Zeolite 13X with 
the biggest cages has the lowest selectivity, while zeolite 
4A with the smallest cages has the highest selectivity.
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ZNa which has an intermediate cage size has a selectivity 
between that of 13X and lA. The selectivity under discussion 
is based principally on geometric factor. The trend discu
ssed above, has been observed by Bryant and Kranich (4-4-) 
and Weisz et al (87, 88, 89).

The influence of pore size on selectivity suggests 
that the orders of the simultaneous dehydration reactions 
are not the same for all the zeolites. Otherwise, the 
the concentration changes within the catalyst would have lad 
no effect on selectivity.

The experimental results suggest that non-porous catalysts 
or those with large pores favour the production of ether, 
while those with smaller pores favour the formation of olefin. 
To achieve high selectivity for olefin, smaller pore catalyst 
is recommended. It should however be noted that a gain on 
selectivity may be offset by lower reaction rates.

5.3.2 Molecular Shape Selectivity

Weisz et al (87) have established molecular shape 
selectivity by dehydrating iso-butanol and n-butanol over 
zeolite 5A. Iso-butanol was hardly converted, while n-butanol 
dehydration proceeded rapidly.

Since the dehydration of n-butanol, isopropanol and 
ethanol over zeolites has been investigated in this work.
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the influence of 'molecular shape’ on selectivity can be 
established. The significance of product structure on 
selectivity is demonstrated in figures 5.10 and 5.11.
The rate of production of di-iso-propyl ether over the 
zeolites was the lowest because this ether has the bulkiest 
structure. Molecular shape which is connected with intra- 
diffusional limitations and thermodynamic effects are 
possible factors that can explain this observation. The 
former effect plays a considerable role, because di-iso
propyl ether cannot diffuse easily even in the large cages 
of zeolite 13%. The alignment difficulties of the four 
methyl groups prevents easy diffusion out of the cages 
of the zeolites. The formation of di-iso-propyl ether 
over is due to be the presence of active sites on the 
external surface, because the zeolite 4.A cages are not 
accessible to di-iso-propyl ether. The presence of 
active sites on the external surface of zeolite 4-A 
and others has been used to explain the formation of 
bulky molecules (2). The present results show that the 
straight chain ethers can move faster than branched chain 
ethers out of the cages of the zeolites.

Thermodynamically the formation of di-iso-propyl 
ether is least favoured. This is evident from the 
dependence of the thermodynamic equilibrium constant on 
the inverse of absolute temperature. Figure 1.2 illustrates
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that the formation of di-n-butyl ether is thermodynamically 
favoured over that of di-ethyl ether. However the experimental 
results in tables A4-.2 and A4.15 show that di-ethyl ether 
is produced more readily than di-n-butyl ether. This is 
because the diffusion of ether with longer chain length is 
more restricted within, the zeolite cages. Molecular shape 
selectivity is therefore evident in the dehydration of 
n-butanol, isopropanol and ethanol.

5.3.3 Thermal Selectivity

Olefin selectivity was found to increase with increasing 
temperature. Figure 5.12 illustrates this influence which 
is called thermal selectivity. The results are in agreement 
with the shift in equilibrium conversion with increasing 
temperature.

The results show that the selectivity over zeolite 4A 
or ZNa shows stronger dependence on reaction temperature 
than the selectivity over zeolite 13X. This can be 
explained by the internal diffusional limitations on 
ether in zeolite type A or Z. Similar influence of 
reaction temperature has been observed and discussed by 
Bryant and Kranich (4-4).

The experimental-observations suggest higher temperature 
should be used for the production of olefin and lower 
temperature for the production of ether.
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5.4 Reactivity of Alcohols

The alcohols studied belong to two different families.
1-Butanol and ethanol are primary alcohols, whereas isopropanol 
is a secondary alcohol. So far, nothing has been reported 
in the literature on this combination of alcohols. It is 
not yet clear whether a branched chain alcohol with n 
carbon atoms is more reactive than a straight chain alcohol 
with n + 1 carbon atoms. The present investigation therefore, 
provides experimental evidence to support theoretical 
predictions on the degree of reactivity of these alcohols.

As discussed previously, the rate of reaction was 
selected as the most useful variable for comparing the 
reactivity of reactants or the activity of catalysts.
Figure 5.13 shows the effect of dehydrating n-butanol, iso
propanol and ethanol over zeolite 4-A. A similar trend was 
observed over zeolite 13X or ZNa. Thus the order of 
reactivity of alcohols is

C - p - O H > C - C - C - C - O H > C - G - O H
C

It is well known that longer chain alcohol is more reactive 
than shorter chain alcohol (11, 73) and branched chain alcohol 
is more reactive than straight chain alcohol (11, 62, 63).

The high reactivity of isopropanol is due to the effect 
of the substituted methyl groups on the hydroxyl group 
attached to the first or a-carbon atom. The reactivity of 
n-butanol is greater than that of ethanol because of the
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effects of long alkyl group. Investigation on the 
elimination of haloalkane over TiC oxide catalyst revealed 
the same reactivity trend (ll).

The sequence of the estimated activation energy is

C _ C - C- C - OH > C - C - OH > C - C - OH
C

for all the zeolites used. This order shows that the 
activation energy increases with alkyl chain length in 
primary alcohols and decreases with branched alcohol.
The activation energy corresponds to the order of decreasing 
acidity of the hydrogen atom on 3-carbon atom. It suggests 
that the abstraction of the hydrogen atom from the 3-carbon
atom is the rate determining step of the activated complex
state. This has also been used to explain the different 
activities of the zeolites in section 5*2. A similar 
trend has been observed for the dehydration of primary 
alcohols (74)» or primary, secondary and tertiary alcohols
(ll) and elimination of haloalkanes over TiC oxide catalyst
(11). Stauffer and Kranich (73) found that activation 
energy is practically independent of alcohol chain length.
The present results do not support this conclusion.

The present observation indicates that the most reactive 
alcohol has the least activation energy, while the least 
reactive has an intermediate activation energy. Thus 
demonstrating why activation energy is not a useful variable 
for comparing reactivity. The reactivity and activation
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sequences can be explained by an inductive effect.

Consider the aliphatic alcohols, the alkyl chain 
length has two effects on the abstraction of hydroxyl 
group from a-carbon atom and hydrogen atom from 3-carbon 
atom. The inductive effect of the alkyl chain length 
decreases the electron density of the hydroxyl group 
favours strong interaction between the hydroxyl group 
and acidic sites on the catalyst surface, which probably 
leads to alcohol dissociation.

The reaction mechanism for the dehydration of alcohol 
to form olefin may therefore be El type. It is also 
consistent with the shift in mechanism from E2 to El 
type when the reactant, changes from shorter chain alcohol 
to longer chain alcohol or primary to tertiary alcohols..
The kinetic analysis in chapter 4 also suggests that the 
dehydration of alcohol to olefin proceeds according to ionic 
mechanism. The product distribution of the alkenes from 
the dehydration of n-butanol over zeolites 4A and ZNa has 
demonstrated that the dehydration of n-butanol to butenes 
takes place according to El-mechanism. In the case of the 
dehydration of n-butanol to olefin over zeolite 13X, the 
mechanism is El type, however E2 type mechanism cannot be 
precluded entirely.

Alkyl chain length also decreases the acidity 
strength of the hydrogen atom on the 3-carbon atom. The 
higher the acidity, the lower the energy is required for the 
abstraction of the hydrogen atom from the 3-carbon by the
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basic site on the catalyst surface. Hence longer alkyl 
chain length results in higher activation energy. This is 
indeed the case found in the present study.

The proposed transition state may therefore be 
represented as

3 a
C —  C®
Î

H OH ®
1
—  +
B A catalyst

This proposed transition state requires two sites, basic and 
acidic. This is consistent with the dual site mechanism of 
the Hougen-Watson rate expression which has been found to 
correlate the present kinetic data on the dehydration of 
alcohols to olefins over zeolites satisfactorily.

It can be hypothesised that the dehydration of alcohols 
to olefins over zeolites requires an intermediate adsorbed 
species in which an alcohol molecule is probably bonded to 
both acidic and basic sites. The present results show that 
El type reaction mechanism is favoured because the acidic 
sites are stronger than the basic sites. However, both sites 
are still required for the dehydration reaction to olefin.

De-Mourgues et al (102) have concluded that acid sites 
are definitely involved in the dehydration o-f isopopanol 
over oxide catalysts but basic sites help the reaction. The 
present work supports this conclusion. Experimental data of 
Topchieva and Tkhoang (64) show that the dehydration of
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isopropanol over both' zeolites and alumino-silica gels occurs 
by an acid-base mechanism. Dzisko et al (59) suggested that 
the dehydration of isopropanol is entirely a function of the 
acidic strength of the catalysts. This suggestion is not 
supported by the present experimental results.

Compensation effect is exhibited by the family of 
zeolites (13X, 4-A and ZNa) used in the dehydration of 
primary alcohols and isopropanol. Figure 5.14, a plot of 
In A^ versus E^, shows that two parallel lines can be drawn. 
The first straight line passes through the points connecting 
all the primary alcohols for the family of zeolites, while 
the second straight line connects ’the points for isopropanol 
for the same catalysts.

The following expressions have been deduced from a 
linear squares analysis

for primary alcohols: In = -12 + 1.04 E^ 
with R-squared value of 100%,

for isopropanol: In A^ = -8 + 1.000 E 
with R-squared value of

It is evident from these relationships that the straight 
lines are indeed parallel. The slope of 1.0 probably 
suggests a mechanism involving one hydroxyl group for the 
formation of olefin.
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5.5 Conclusions

a) The percentage distribution of butenes (l-butene, cis-
2-butene and trans-2-butene) was found to be practically 
independent of the partial pressure of n-butanol at a given 
reaction temperature.

b) 'Cis preference' was observed on zeolites 13% and ZNa.

c) The dehydration of n-butanol to butenes over the zeolites 
used was found to proceed through El mechanism, although E2 
type mechanism cannot be precluded entirely for the case of 
zeolite 13X.

d) The predominance of El type mechanism increases with 
increasing reaction temperature.

e) The sequence of activity for the dehydration of straight 
chain alcohols is

13X > 4A > ZNa
for branched chain alcohol is

13X > ZNa > 4A 
The activity pattern of the zeolites was explained in terms 
of the surface area, crystalline pore size and acid and 
base strengths.
f) The influence of crystalline pore size on selectivity has 
been clearly demonstrated.

g) Molecular shape selectivity is demonstrated by the 
dehydration of isopropanol, n-butanol and ethanol.
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h) The pattern of reactivity of the alcohols is

Isopropanol > n-butanol > ethanol

i) The sequence of the activation energy.for the dehydration 
of isopropanol, n-butanol and ethanol over the zeolites 
investigated is

(n-butanol) > E^(ethanol) > E^(isopropanol}

j) The order of activation energy for the dehydration of 
alcohol over the zeolites used is

E^(13X) > E^(4A) > E^(ZNa)
K) Compensation effect expressions are proposed which can 
correlate the activation energy and pre-exponential factor for 
the dehydration of primary alcohols (n-butanol and ethanol) 
and isopropanol over the zeolites examined.

1) It is proposed that the dehydration of alcohols to olefins 
proceeds through an intermediate species in which the hydroxyl 
group is bounded to an acidic site and the hydrogen on 3-carbon 
is attached to the basic site, (acid-base mechanism). However, 
the effect of the acidic site predominates, hence leading to 
complete abstraction of hydroxyl group on the acid site. The 
rate determining step of the activated transition state is 
the abstraction of hydrogen atom from the 3-carbon. The 
present proposal satisfactorily explains the activity and 
activation energy sequences.
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CHAPTER 6

MODELLING OF CATALYTIC PACKED BED REACTOR

6.1 Introduction

Many catalytic chemical reactions of industrial 
importance are performed in fixed bed reactors. In the last 
two decades, the design of tubular packed bed reactor has 
been extensively studied. According to Froment (60), the 
mathematical description of continuous fixed bed reactor at 
steady state can be classified as shown in table 6.1.

Table 6.1 Classification of Packed Bed Reactor Models

Models

Pseudo-Homogeneous 
T = T ; C = C8 S

Heterogeneous 
T  ̂ T ; C f C

One dimensional A1 Ideal plug flow

A2 A1 + axial
dispersion term

Two dimensional A3 A1 + radial
dispersion term

A4- A3 + axial
dispersion term

B1 A1 + gradients at 
the phase boundary 
of catalyst pellet

B2 B1 + axial 
dispersion

B3 B1 + radial
dispersion term

B1 B3 + axial
dispersion term
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The advantages and disadvantages of these models have been 
fully discussed in (60, 106).

In this work, the pseudo-homogeneous models are used 
because of their simplicity and the substantially shorter 
time required for computing. The rate expressions which 
satisfactorily correlate the kinetic data on the dehydration 
of isopropanol over 13X was chosen as the basis for 
simulating conversion in a fixed bed reactor. Experimental 
work was undertaken using an integral fixed bed reactor.
This provided conversion data for comparison with the 
simulated results of conversion. The present chapter shows 
the comparison between the mathematical simulation and the 
experimental data. The comparison should give some 
indication on the usefulness of the rate expressions obtained 
in chapter 4- for fixed bed reactor design.

6.2 Mathematical Description of Catalytic Packed Bed Reactor.

A cylindrical packed bed reactor with continuous plug 
flow of gaseous reactants is considered here. The catalyst 
pellets are taken as point sources within the reactor. Both 
axial and radial variations of concentration and temperature 
are to be evaluated, giving rise to a two dimensional 
pseudo-homogeneous model. The following assumptions are 
taken in order to make, the model as simple as possible.

a) The effective diffusivities of heat and mass in the radial 
and axial directions throughout the reactor length are averaged
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b) The heat transfer co-efficient and temperature at the wall 
throughout the entire bed length are taken to be constant.

c) An average bed porosity is assumed.

d) Heat capacity and heat of reactions,, fluid density, 
velocity and mean molecular weight througout the bed length 
are taken to be constant.

e) Although the catalyst activity may vary with time and 
axial position. Such variations.are.neglected.

The steady state material or. energy balance consists 
of four terms: longitudinal bulk flow, radial dispersion, 
axial dispersion and a reaction term. The transient behaviour 
of packed bed reactor have been, extensively discussed by 
Kobayashi and Kobayashi (63) and. Balker et al (68) but is 
not considered in this work. At steady state, the mass and 
energy balances, in the dimensionless form, for component, i, 
in the reaction fluid in a cylindrical tubular packed reactor, 
according to two-dimensional, pseudo-homogeneous model with 
axial mixing are as follows:

Mass balance

! h . .  , a
3Z X 3X 6.R. 6.1
Energy balance
3fl 3 3 8. 3̂ 8 n
3Z - X~ 3X (^3?^ + ’̂2 ~ 2  = 6.2
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with boundary conditions
at Z = 0; Y. = 0.0; 0 = 1.0; 0 < X < 1.0 1 _ _

at X = O p l i  = —  = 0.0 0 < Z < 1.0
3X 3X

at X = 1.0; 3^1 =0.0; 3 6 = B . ( 0 -  6,,) 0 < Z < 1.0
W  3X  ̂ “

where Y = C/C^; 6 = T/T^; Z = 1/1^; X = 2r/d^

is in the dimensionless form, given by 

R. = R.(Y^, Yj. T3.........Y„. 0)

a - ^  a
' " 4P%,r

o h , a

°w^t/2^e,r • ®i- -^Aô

where Bo and Bo are the Peclet numbers for the radial m, r m, a
and axial effective diffusions, respectively and Pe, andn , r
Pe^  ̂ are the Peclet.numbers for the radial and axial 
effective conductivities. They are given by

Bo = Ud /D Bo = Ud /Dm,r p e , r  m ,a p e , a

e, a
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6.3 Chemical Reaction Rates, R^

The modelling of the catalytic dehydration of 
alcohols has been discussed in chapter 3» The analyses 
of results and the discrimination of rate expressions have 
been discussed extensively in chapter 4., The rate equations 
based on a simultaneous reaction scheme, with surface reaction 
as the rate controlling step, have been found to satisfactorily 
correlate the kinetic data.on the.dehydration of isopropanol 
to propene and di-iso-propyl ether. The equations are given
by

Ro = - 2 X - . Y) 6.3
(1.0 + - 2 X - Y)2

R = - 2  % - Y),", - (y + X)Y/Keo.E)
( 1 . 0  + P ^ ^ K ^ g C l . O .  -  2  X  -  Y ) 2

where X = and Y = Pq/Pjio,-

The variation of the. co-efficients K^g,

and ^ with temperature have been determined by linear
regression analysis within the temperature range studied. 
Table 4.7 summarises the values of estimated parameters in 
the Arrhenius and Van't Hoff equations.



141

6.4 Solution of the Mathematical Model.

The two-dimensional pseudo-homogeneous model for the 
catalytic dehydration of isopropanol to form propene 
and di-iso-propyl ether yields a set of three non-linear 
parabolic partial differential equations, PDE, with three sets 
of boundary conditions, two for the mass balance, 

one for each component and one for the energy balance.

The experimental data used here for testing the 
model have been gathered in an isothermal laboratory reactor. 
The wall temperature was maintained constant by means of 
circulating air. The wall temperature throughout the bed 
length can be considered constant. The thermocouples 
located at the top and bottom of the bed showed essentially 
the same temperature. . Therefore the reactor was taken to be 
under isothermal conditions. The isothermal models 
were solved so that the results are compared with predictions.

6.4*1 Ideal Plug Flow Model.

The model assumes that the effects of the axial and 
radial dispersion.terms are not significant. The resulting 
model is given by

dZ " ^1 ^0 ^0^^0'^E^

H Y
dZ ^1 ^E 6.6
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where g and ^ ^ are given by

Go KRQ%AO^Ao 6-7

@E = h A A o

It can be seen that the model consists of a set of first 
order ordinary differential equations with initial values 

given by

6 . 9a t Z = 0  Y q = Y^ = 0

The equations were solved using the fourth order 
Runge - Kutta - Merson method (58). The truncation error 

incurred is 16/15 (Y^^^ ^ - Y^^^ h/2^' where h is the 
step size.

6 .4.2 One-Dimensional Plug Flow with Axial Dispersion Term

This model assumes that the effect of the radial 
term is not important. The resulting expressions are

dï„ , d2y_
— ^  ' GlGo%o(?0'?E)
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Initial boundary conditions are

at Z = 0, Yg = Yj. = 0.0 6.12

*̂ 0̂ = = 0.0 
dZ dZ 6.13

The model yields a set of second order ordinary differential 
equations. The solution was obtained by coverting them 
to a set of first order ordinary differential equations 
by substitution.

Let d Y _
d f  = w

and = X 6.15
dZ

Equations 6.11 and 6-12 become

0 = W 6. i6
dZ

b g §  = + C^ggRg(Yg,Yg) 6.17

dYE = X 6.18
dZ

b , #  = + L B e Re (Yo 'Ye ) 6.192dZ

Initial boundary conditions are 

at Z = 0, Yn = Y_  ̂ W = X =0 . 20
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The solution of the four simultaneous first order ordinary 

differential equations was again obtained by Runge-Kutta- 
Merson method.

6.4*3 Two-Dimensional Pseudo Homogeneous Model

This model accounts for the effect of the radial 
dispersion term. However the influence of the axial 
dispersion term has been neglected. The solution of the 
last model reveals that the axial dispersion term has 
practically no effect on the concentration profile. The 
mathematical expressions are

9Y0
9Z X ax'- ax ' Ci6o RofYQ.YR) 6.21

3YE
9Z X 9X^*9X / 6*23

Boundary conditions are

at Z=0 Yq = Yg 6*24

3Y(
3X

3YE
3X 0 at 0 < X < 1.0 6.25

The radial term is expressed in central finite 
difference form. Therefore the radial term at the grid 
point (n,m) for component i can be written as



m,n!

1 m

/
À

/

Figure 6.1 Grid Used in Finite Difference
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a. r, 9Y. ^l^^i,n,ra+l  ̂ ^i,n,m-l ^' d /y I n  ̂  :____________________________________
X ax^^ax /

^l^^i,n,m+l ^i,n,m-l^ ^

2AX"̂

Figure 6.1 shows the grid used in the solution of equations 
6.21 and 6.23. The truncation errors for the central finite 
difference formulae for the first and second derivatives 
at grid point (m-,n) are f”(Y. )AX/2 and (Y. )AX^/12
respectively. Altogether there are 2(i + 1) simultaneous 
ordinary differential equations. They were solved using 
fourth order Runge-Kutta-Merson integration method.

6.5 Results and Discussion.

The predicted conversions from an isothermal integral 
catalytic bed reactor were simulated by using pseudo- 
homogeneous isothermal models.

The solution of the one-dimensional plug flow model 
with axial dispersion yields practically the same average

concentration profile as the one-dimensional ideal plug flow 
model. This suggests that axial back mixing is insignificant 
The ratio of the bed length to the diameter of the particle 
gives a value which is greater than the ratio suggested for 
neglecting the axial mass term by Carberry (122).
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The solution of the two-dimensional pseudo-homogeneous 
model yielded essentially the same average conversion 
profile as the one-dimensional ideal plug flow model. The 

two-dimensional model gave the average conversion as a 
function of the radial position, at various axial positions. 
These are practically flat. The flat profile, is probably 
due to the assumptions of flat inlet concentration and 
velocity profiles and isothermal conditions considered. The 
two-dimensional pseudo-homogeneous model is therefore reduced 
to the one-dimensional ideal plug flow model, because strong 
heat effects do not exist in the fixed bed reactor.

Only the results from the two-dimensional pseudo- 
homogeneous isothermal model are presented and discussed.
Table A6.1, in appendix .6, shows the comparison between the 
predictions of the model and.the experimental data. Some 
typical results are presented.in Figures 6.2, 6.3 and 6.4.
Table A6.2, in appendix.6, shows the values of the estimated 
parameters used.

The experimental results show fair agreement with 
the predictions of the model at high temperature, while at 

low reaction temperatures, agreement was poor. The magnitude 
of the discrepancies between, the predicted and the experimental 
results are not excessive in, view of uncertainties in the 
assumptions made and in. the values of the estimated parameters. 
One important source of uncertainty is the validity of the 
assumption of isothermal conditions. For example, the
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temperature measured by the thermocouple may be higher than 
that of the bulk of the gas passing through the centre of 
the reactor, leading to over prediction of conversion.

Smith (66) used the radial dispersion model for 
theoretical prediction of conversions. Error in the order 
of 25^ were reported between, the experimental and predicted 
average conversions. It has been shown in (66) that poor 
results may be obtained when incorrect inlet temperature 
and concentration profiles are used in the radial dispersion 
model.

The inclusion of temperature effects could be important
#in testing models more rigorously, especially if the 
reactions are accompanied, with high heat effects. Such 
study requires a packed bed reactor designed with 
facilities for measuring the fluid concentration and 
temperature at various axial and radial positions. Further 
work is required to test the adequacy of the reaction rate 
expressions obtained in predicting conversion in a fixed 
bed reactor. On the whole, the present test of the rate 
equations may be considered satisfactory in view of the 
uncertainities in the assumptions.
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6.6 Summary.

This chapter discusses the simulation of conversions 
from an isothermal integral catalytic bed reactor by using 
pseudo-homogeneous isothermal models and compares the 
simulated and the experimental conversions.

The predictions of the models at high temperatures 
agree fairly well with the experimental results, but at 
low temperatures poor agreement was found. An explanation 
for this discrepancy is the uncertainties in the assumptions 
made and in the values of the estimated parameters. Further 
work is required to test the applicability of the rate 
expressions in fixed bed reactors.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS.

7.1 Conclusions.

a) The dehydration of n-butanol, isopropanol and ethanol 
over zeolites 13X, 4A and ZNa yields both olefin and ether 
At lower temperatures, using cation exhange resin Dowex 
50-X-8 as catalyst, isopropanol dehydrates to propene and 
di-iso-propyl ether while ethanol gives mainly di-ethyl 
ether.

b) Empirical power function rate expressions for 
simultaneous formation of olefin and ether were found to 
correlate the rate data for both reactions over all the 
catalysts covering a wide range of alcohol concentrations.

c) The kinetic data have also been satisfactorily 
correlated by Hougen-Watson type of expressions, equations 
4.9 and 4.10 for the formation of olefin and equations 
4.11 and 4.12 for the formation of ether,.based
on surface reaction controlling rate. Kinetic and 
adsorption parameters in the rate equations have been 
correlated as functions of reaction temperature.

d) The catalytic activity and product selectivity of the 
zeolites and activation energies have been found to relate 
to the acidic strength of catalyst and crystalline
pore size.
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e) The order of reactivity of the alcohols is:

Isopropanol > n-butanol > ethanol

f) Compensation effect between activation energy and 
pre-exponential factor has been found for the alcohols and 
zeolites studied. Empirical correlations have been 
established to describe this compensation effect.

g) Dehydration of n-butanol over zeolites was found to 
proceed according to carbonium ion (El) mechanism with the 
exception of 13X, where E2 mechanism cannot ■ be precluded.

h) The preferential formation of Cis-2-butene over that of 
trans-2-butene has been observed over zeolites 13X and ZNa 
but not zeolite 4A.

i) At a given temperature, the percentage distribution of 
butenes (1-butene, cis-2-butene and trans-2-butene) was 
found to be practically independent of the partial pressure 
of n-butanol.

j) Reaction conditions for the exclusive production of 
di-ethyl ether over synthetic cation exchange resin have 
been found.

k) For the dehydration of isopropanol over zeolite 13X, 
the rate expression obtained from the kinetic analysis 
was applied to simulate the behaviour of a fixed bed 
reactor. The simulated results agree fairly well with 
experimental ones.
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7.2 Recommendations.

Further work is required to determine

a) The exact acid strength of the zeolites and the optimum 
acid strength for the dehydration.of alcohols,

b) The reaction conditions., for the exclusive production
of di-iso-propyl ether over cation exchange resin.

c) The effect of introducing reaction products into the
feed on the product" distribution of butenes and

d) The effect of introducing water, into the feed.

It is also recommended that the rate expressions 
obtained be more extensively tested by experimental studies 
using fixed bed reactors.
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HOUGEN-WATSON TYPE RATE EQUATION
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Table Al.4- Initial Rate for the Formation of Ether

Controlling Step Initial Rate Expression Model No

Adsorption of 
alcohol

Surface reaction 
2 active sites

ARl

LHM

Surface reaction 
2 active sites

REMI

Surface reaction 
1 active site

REM2

Desorption of 
water KaW^o DRl

Desorption of
ether ^aE^O DR2
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Table Al.5 Initial Rate for the Formation of Olefin.

Controlling Step Initial Rate Expression Model No.

Adsorption of 
alcohol AROl

Surface reaction 
2 active sites (1.0 +

SR2

Surface reaction 
1 active site

^R^A^O^A 
1.0 + SRI

Desorption of 
water ^aW^O DROl

Desorption of 
olefin

KaO^O DR02
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Table A2.1 Power Function Rate Expression

Rate of Formation of

Model Ether Olefin

1 + K.j PaPq

%-l^E^W " ^3^E

%2^A %3^E 

K-2^0^W " K-3^0^A

2 K,p2 - K^Ps
%2^A ^3^E

3 \ A - K2(fA - fofw/%eq)

U
K p^pMpOpG
RE^A^W^O^E

K p&pWpOpe
^RO A^W 0 E

5 H e A I

6 \ A a Kr o^a
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APPENDIX 3

Effect of intra-particle mass and heat transport on
the dehydration of isopropanol over cation exchange resin

Weisz and Practer (93) criterion for the assessment 
of the importance of intra-particle mass transport in 
solid catalysed chemical reactions, is given by

R . p.$ = -PM ° b 1,0
°e^Ao

The relationship for the temperature difference, for 
component, i, between the.external catalyst surface and at 
the centre of the catalyst is given by

T . T = - P j J
L  Rg “i

is the stoichiometric co-efficient of the reactant 
In the present case = 1.0.

Reaction Conditie n s.
_ o

Reaction rate 8.2 10 gmole/g^.hr at 0.4-9 atm

^o 0.028 cm
T X14- K

0.8 gm/cc 
P^ 2 atm
Molecular weight of reactant 60 
Molecular weight of diluent (N^) 28
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Parameters.

D 1.1 10"^ om^/se
_ 3A 5.0 10 cal/cm s K

12 10^ cal/gmole 
A .2 10  ̂ gmole /ce.

Weisz and Practer parameter.

8.2 ia~^X 0.0-28^ X 0.8 
 ̂ " 1.1 10"2 X 3.6 10^ X X.2 10"5

3.1 10'^

Maximum Temperature Difference.'

It is assumed that the concentration at the centre is zero

i.e. P . = 0
1C

AT = 1.1 1Q~^.X 12 10^ X 4.2 10"5
max ^.0 io"3

1.1 K

The results of the above calculations show that 
ihteranal mass and heat transfer effects are insignificant 

within the reaction conditions studied.



APPENDIX i

TABLES OF EXPERIMENTAL KINETIC DATA AND

ESTIMATED PARAMETERS
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Table A A .A Kinetic and Adsorption Thermodynamic

Constants Irom Linear Regression Analysis.

The dehydration of n-butanol.
Butene Formation

Model T°C

10^

(bar“^ ) R-squared Catalyst

SR2 228 1.8 l.A 76 13X
2A1 A.O 2.2 98
252 8.0 2.1 96
258 13. 1.6 99
272 3.A 2.9 96

SRI 228 0 .61 5.2 77 13X
2A1 1.2 11 99
252 2.5 8.9 99
258 A.3 6. 8 98
272 9.6 16 100.

SR2 232 0.55 3.0- 99 AA
250 2.0 2.8 98
271 9.2 2.5 95
278 11 2.5 98
297 33 2.5 95

SRI 232 O.IA 29 99 AA
250 0.51 33 99
271 2.5 16 99
278 3.0 19 99
297 9 .1 15 98
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Model T°C KRkc'hrf 
* 10^

(bar ^ ) R-squared Catalyst

SR2 235 0.81 A.9 99 ZNa
255 2.0 3.0 96
275 A.8 2.7 98
300 13 2.A 88

SRI 235 0.15 -19 96 ZNa
255 0.55 16 99
275 1.3 26 99
300 3.6 lA 99
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Table AA.3 Kinetic and Adsorption Thermodynamic
Constants from Non-linear Regression Analysis
The dehydration of n-butanol 

Butene Formation

Model T°C Rmol
R hr. g
* 10%

S.DEV. 
* 10^

K^(bar ^ ) S.DEV. SSR CAT. 
10^0

SR2 228 1.9 0.28 1.3 0.62 1.0 13X
2A1 A.O 0.16 2.2 0.3A 1.0
252 8.0 0.A3 2.0 0.39 3.0
258 13 0.32 1.6 0.12 1.0
272 33 l.A 2.7 0.A8 52

SRI 228 0.59 0.15 6.3 5-2 1.0 13X228 0.59 0.15 6.3 5.2 1.0
2A1 1.2 O.OA 12 2.0 <0.5
252 2. A 0.15 11 2.6 1.0
258 A . A 0.37 6 .3 1.7 3.0
272 9.A 0.30 17 2.7 8.0

232 0.55 0.03 3.3 0.72 <0.5
250 2.0 0.07 3.1 0.A7 <0.5
271 9.0. 0.55 2.7 0.65 9.0
278 11 O.AO 2. 7 0.A2 5.0
297 32 1.8 2.7 0.61 lOA.

SR2 232 0.55 0.03 3.3 0.72 <0.5 AA

SRI 232 O.IA 0.01 Ab 25 <0.5 AA232 O.IA 0.01 A6 25 <0.5
250 0.A9 0.01 AA 13 <0.5
271 2. A 0.01 28 11 2.0
278 2.9. 0.07 2A A.O <0.5
297 8. A 0.A7 29 13 29
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Model T°C _ gmole 
'Rgcbr S.DEV. (bar“^ ) S.DEV. SSR GAT

*10^ * 10^

SR2 235 0.80 0.03 A.5 0.A9 <0.5 ZNa
255 1.9 0.12 3.0 0.66 <0.5
275 A.7 0.15 2.9 0.37 1.0
300 13 0.56 2.5 0.38 6.0

SRI 235 0.18 0.01 17 10^ 0 <0.5 ZNa
255 0.52 0.02 23 5.0 <0.5
275 1.2 O.OA 30 8.3 <0.5
300 3.6 0.20 lA- 3.A 2.0
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Table AA.6 Kinetic and Adsorption Thermodynamic
Constants from Linear Regression Analysis 
The dehydration of n-butanol over 
zeolite 13X.

Ether Formation

Model T C K m o ^  K^(bar ) R-squaredgghr
-X- 1 0 ^

LHM 228 0.62 29 100.
241 1.6 30 100
252 3.2 37 100,
258 5.6 18. 100,
272 10. 20. 100

REMl- 228 18. 29 100
241 48 30 100
252 116 37 100
258 102 18 100
272 209 20 100

REM 2 228 0.74 -7.0 97
241 2.2 -8.8 96
252 4.4. -8.8 96
258 6.8 -8.5 95
272 ^5 .11 93
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Table A4-.7 Kinetic and Adsorption Thermodynamic
Constants from Non-linear_Regression Analysis

The dehydration of n-butanol over zeolite 
13X

Ether Formation
Model T°C IT fi’mole 

hr
X- i q 4

S.DEV.

X- i q 4 (bar"^)

.DEV. SSR
10^0

LHM 228 0.63 0.03 28 6.0 < 0.5
241 1.6 0.04 31 3.0 < 0.5
252 3.4 0.21 30, 8.0 4.0
258 5.9 0.43 15 3.1 6.0
272 11 0.77 18. 4.0 29

REMl 228 17 3.0 28 0.0 < 0.5
241 48 3.9 31 3.0 < 0.5
252 99 22 30, 8.0 4.0
258 90. 12 15 3.0 6.0
272 2 10^ 30. 18 4.0 29

REM2' 228 1.1 0.15 60* 10^ 0 3.0
241 3.2 0.46 35 10^ 0 18,
252 6. 9 1.1 26 10^ 0 95
258 10. 1.5 76 10^ 0 1.5 ;
272 21 2.7 49 10^ 0 4.6 !



A31

.
(D
-P•HrHO(Dto
%
1— 1
Ph0)
>O
HOSP
cd
p-oHdoCQM
«HO
co•H-P
cd •
U CDT) t>jO>; PJ •Æ Cd tiû
CD tm -H-Q O

P •CD cd nOrQP> 11-1 P>C CQO CD %P rH
cd P Cd
p> CO -p
cd CQ cdQ CD üP,ü A «H•H OP> iH
CD cd COP P> CO'H G cd

H S

00
H"
<a:

CO

w
oPi

ON H

O
rH

H •
U
Pi

ü
bO
G

O 1— 1
O
S
bO

wPh
fn
cdrQ

oPh

Ph

P!•H
CV S  S \  >  ü  

Ü

A
>

OO

rP ' rH 1— i CD o - O N

rH 1— 1 rH

CV CV CV 00 00 N Û-H" N Û o- £> 00 ON
O o o CD o O

O o CD CD CD o

CV o t>- I—1 O- CO
N Û o D- 00 00 ON
O o O o o o

N Û CTN O »—1 1— 1 o
CV cv CO CO CO CO
O o O o CD o

O o CD CD CD o

£> CO N Û O 00 O N

rH cv CV CV CV cvO o CD O O oO o CD O O o

O o CD CD O o

U N N Û 0 0 0 0 0 0
cv CV cv cv cv cv
CD O o o o o

CD O o o o o

N Û 00 N Û rH o o
rH cv CO U N N Û

o o o o o o

CO CO CO I—1 CV CV
cv cv cv CV CV CV
H 1—1 iH rH tH 1— 1

00 ON o O N -H-CO 1—1 N Û CO 00
CV H- UN N Û 00 o  1— 1

HCO
CV



A32

CO

HPi
O

Pi

CO
o

Pi P,Pi
ÜbO

P!•HCV B
> U Ü

>

Eh

P
P i

OO

CV
CV

CO o
?

o

!>
ON ON U N 0 Û U N CO CV

rH rH CV H rH rH rH

-H- UN UN NÛ
-H- 00 rH CV CO CV 00 cv o
O O 1— 1 rH rH iH O o rH 1— 1 cv cv

O O O o o O O o O o o o

vO
ON rH fV cv CO -4-, O rH cv NO ON

G
o rH O rH rH 1—1 rH H ÇV CV cv CV CV cv

Pi o
B
bO

o -H- NO. NO UN UN 00 O o cv
•H- -H- -H- -4- -4- !>- 00 00. 00 00 00

o O O o O O O O o o o o

o O O o O O O O o o o o
Ph

00 CV OO o rH CV O 1— 1 cv CO CO ON
rH CO CO -<h -4 rH CO -H- UN UN NO
o O o o O O O o o O o CD
o O o o O O O o o O o O

H o O o o O O O o o o o o
P-,

P
cd
P3 ON rH cv cv rH O £>- NO NO NO t— 1

CO -H- -4- -4- ■H- O- £> £> £>■ 00
o O o o O O O o o O o CD

o
Ph o O o o O O o o o O o CD

CO cd -v- H (H H cv iH CD £> CV
1— 1 CV CO -4- UN NO 1—1 cv CO -4- UN

«=C
P h o O o o O O o o O O O CD

CO CO CO cv cr\ "4" c- 00 CD CV CD
CV CV cv cv CV CV CV CV cv CO CO CO
rH rH 1— 1 1— 1 rH rH rH t— 1 rH rH rH rH

-H - 1— 1 cv 00 UN CO NO CO UN NO
rH ON -4- CO 00 •H- CO cv 00 CO UN ON

CV CO UN I > 00 rH 
1— 1

cv -4- UN {> CON CD 
1— 1

O-HCV
UN
UN
CV



A33

cvo cvo

H cv O
PC: • • o

1 1 NO CV O N

CO oPd

COo rH NO £>-
H rH COO o O

M • • •
Pi P 1 1 O o o

Pi
ÜbO

®
H [> cv NO CO 4

O  O • . • • •
pzi s rH UN NO (H-bû

Or- ON W, rH
o 1— 1 cv CV CV

is • • • • •
P h o o o o O

4 J> rHo rH CVo O Oo O O
w • • •

P h 1 1 o o O
pcdÛ o ON cv H

o rH cv cv CVo • • • • •
P h o o o o o

o-
iH CO cv
o rH N O NO NO
o O o rH cv<d • • • • »

P h o O o o o

P'HCV E
>  o -4 UN rH NO 00Ü cv CO 4 4 4

rH rH 1—1 t— 1 rH

PPi NO t> rH 0 0 00
<  \ 0 0 0 0 CO CO 4>  Ü * • • • «o o CV 4 NO 00

NOo 00cv



A34

Pi
CO o

Pi

COo
Ho Pi P 1 1 1 1 1 1 1 1 1 1

G
IS] ü
< bû4 uo I> ON UN ON cv ON.

G I— 1 t— 1 rH CV NÛ 00 00 O rH cvP 1— 1 o o O O O o o 1— 1 1— 1 rH
G o O • • • • • • • • • •
> Pi E o o O O O o o O O O
O bû
1— 1o CO 00 ON o NÛ o cv 4 NÛ UN
p o o o t— 1 CO 4 4 4 4 4
G o o o o o O O O O O
p. o o o o o o O O O O
O :s • • • • • • • • • •P Ph o o o o o o O O O O
ao
m
1— 1
Cm
O

W
d Ph 1 1 1 1 1 1 1 1 1 1o
•H
-P Pcd G 00 00 ON o NÛ o cv 4 NÛ UNP G û o o o t— 1 CO 4 4 4 4 4
T) bO o o o o o O O O O O
> P o o o o o O O O O O
P G • O • • • • • • • • • •
G bû bO Ph o o o o o o O O O O
Q 4P nO
G G •
P rO 004̂ 1H 40
C m o ON £> ON ON 00 NÛ 00 4 UN
O G 4 cv cv CO UN 1—1 cv CO 4 UN NÛP iH Ph • • • • • • • » • •
G G G o o o o o o o O O O
4:) m -p
G w GQ G üP PÜ P <M •H
'H O CV Ë • • •
-P H Iz; ON 00 ON o o o o tH o rH
G G w > Ü 1—1 rH rH rH CV cv cv CV cv CVP -P Xù Ü 1—1 1—1 1—1 1—1 rH 1—1 rH 1— 1 rH rH
'H O G

Eh S
PrP

ON 4 o 00 ON nO 4 4 4 1— 1 4
• > ü 4 \ 0 O CO CO £> O CV 4 ON4 ü • • • • • • • • • •

4 cv CO UN O n cv CO UN (4 00 O
rH

GH
rO o ON
G O o CV
Eh Eh o cv cv



cvo

A35

w
Pi

CO O
Pi

COo
M 

Pi P

obO
0iHoo e

Pi bO

Ph

OPh

PG
rO

4Ph

P'H
CV s

> Ü O

Eh OO

ON oo CO 00 4

1 CO cv CO cv cv

UN 00 00 H 4o o o (— 1 rHo o o o CDo o o o CD
1 o o o o CD

VÛ ON CO NO CD 00H 1—1 cv cv CO CO
O o o o o CD

0000 o o cv CO 4o 1—1 H 1—1 H Ho o o o CD CD
o o o o CD O

00

CVUN
CV

CV UN 4 CV C
1 CO (V CV CV (N

CD CO CD 4 CTN 00
O rH CV CV CV COO CD CD CD CD CDO CD CD CD CD O
O CD CD CD CD CD

UN CV rH nO 4 UN
CO 4 UN UN NO 4
CD CD CD CD O O

UN CV 4 UN 4 4
(H CV CV CV CV CV
CD CD O O O CD
CD CD CD CD CD CD

CO 4 4 4 4 CD NO CD CD CV UN
CD CD CD CD CD CD O 1— 1 1— 1 1— 1 iH
CD CD O CD CD O O CD CD CD CD
CD CD O CD CD CD CD CD CD O CD
CD CD CD CD CD CD CD O CD O CD

Ph 1 CD O CD CD O CD CD O CD CD CD

00 O CD CV OO 4 UN CV 4 UN 4 4
CD H 1— 1 1— 1 rH 1— 1 iH CV CV CV CV CV
CD CD CD CD CD CD CD CD CD CD CD CD
CD CD CD CD O CD O CD CD CD CD CD

UNNO ON 00 00 CV OO
UN
4 4 00 ON CJN CV

CD iH CV OO UN NO CD rH CV OO 4 NO
CD CD CD CD CD CD CD CD CD CD CD CD

rH CD 1— 1 cv OO OO CV CD OO OO 4 UN
CV CV CV cv CV CV CV CV cv CV CV CVrH rH 1— 1 H rH rH H rH rH 1— 1 rH rH

rP t— 1 ;— 1 NO o CV cv 4 O N 4 4
4 4 . 00 UN 00 UN OO o O N oo CD CD H oo

> U • • • * • . • • • • • • •
Ü CD CV oo UN 00 rH

H
CD CV 4 NO 00 H

H

UN
CV



A36

ro cv cv 4 CV CV cv
O o o O O o o

H rH rH rH iH H H H
Pi

ce 4 . CV UN ON 00 UO ro c\/
O ♦, • • • • • •

Pi cv cv r—1 rH H H H
ro tH NÛ NÛ NÛ

CO O 4 uo NÛ ON CV 4
o O O o O O H H
tH O o o O o O O

M • • • • • • •
Pi • O o o o o O O

p
rP

ü
bû ,

G
rH uo

O O NÛ o tH CV 4 uo 00
P i E • • • • • • •

bO o 1—1 H rH H r—i H

NÛ o CV NÛ. O CV. 4
CO uo UO uo N Û NÛ NÛ

:s o o o o O o o
PL, • • • • • • •

o o o o o o O

cv
o CO CO CO 4 uo CO
o o o O O o o
o o o O O o o

H o o o O O o o
P h • • • • • • •

o o o O O o o

P
G

r û
NÛ. o cv NÛ o iH 4,ro uo uo uo NÛ NÛ NÛ

O o o o o o O O
P h • • • • • • •

o o o o o O O

o
uo £> cv 4 N Û 4 00

4 o rH cv CV CO 4 uo
P h • • • • • • •

o o o O o O o

P
CV •H

S E ■f

> 4 , o C O 4 uo 4 OO O N
Ü cv cv cv cv CV cv cv
Ü 1— 1 rH rH I— 1 1— 1 H H

P ro uo UO rH H H
4 rP o O N 4 N Û 4 N Û

> 4 ^ • • • • • •
Ü 1— 1 cv C O 4 N Û OO H
Ü H

rH
O oEn o CO



A37

0-p'H1—1O0ce
Gsce
p0>o
1—1opGp.OP
a
owIH
CmO
Po'H-PG •P 0TJ bû>: P .rP G bû0 bû OQ CJNP •0 G 4rP ûP> 11—1 HP 0O 0P HG P GP> 0 P>G 0 GQ 0 üPü P Ph•H OP> iH0 G 0P P> 0•H O G

Eh S

o

44
0HrOGEh

ce

M

HPi
OQi

COoH
Pi

O
Pi

Ph

M
P h

pü
obû
0rHOe
bû

O
P h

4
P h

P
CV 'HS  e

4>

oo

CV CJN 4 4 o nO 00 (O rH CJN
lO cv CN' cv cv 4 cv CV CV rH

(O
NO 4 00 CO NO cv. rH 4 CO COo iH rH CV cv rH cv CV CO COo O O o o O O O O O
o O O o o O O O o o

CO o 4 CO CO
CO 4 4 4 UN
O O O O o

00

00cvcv

ocvo
I—Icvo o

o

C O n O 00 CJN CJNO O O o oO O O o oO O O o o
O O O o o

4 CJN o o o1—1 rH cv cv cvo O o o o
o o o o o

CJN
4 rH 4 4 Oo CV CO 4 NÛ
o o O O O

CO 00 H p HU N U N N Û N Û 4

O O O O O

00cvo
o

CJNcvo
00cvo

00
C Ocv

cvo
o

00cvo
o

NÛ O CV 4 4o H r—1 r—1 HO O O O OO O o O O
O O o O O

00 00 4 4 4
CV CV CV CV CV
O O O O O

O O O O O

cr—1 cd UN 4 4r—1 cv CO 4 UN
O o o o O

4 UN U N 4 NÛ C O N Û 4 00 00
O 1—1 r-j H H H t—1 H H H H
O 1—1 H r—1 t—1 r—1 t—1 H H t—i H

P CJN 4 H UN r—1 4 CJN C O CV N Û
rP O 00 00 H CJN N Û CV H C O 4

ü I—1 CV 4 4 CJN i—1 ro U N 4 CJN



cvo

A38

M
ce Pi

o
Pi

4

H
ro4 COcv cvcv ocv ON

rH
O CO00 4

4
CV
CO

NÛ
CV

cvcv

O N

COoH
Pi

o
Pi

Pü
ü

bO

0 I—I O 
B 
bO

P h

4 4 UN 00 -NT
O CV CO 4 4 UN
O O O O O O

O O O O O O

UN 00 UN 4
00 00 ON O ON O

O O O 1—1 O 1—1

4 4 4 O O ON
4 4 4 4 4 CO
O O O O O o
O O O O O o

oo o 4 rH CO 00o cv UN NÛ 4o o o O O O

o o o O O O

UN 4 N Û N Û N Û 4

rH rH 1— 1 rH rH 1— 1

CO 4 O UN 4
4 4 4 4 N Û 4
O O O O O O

O O O O O O

H
Ph

CV o N Û 00 00 oo rH rH rH 1—1 cvo O O o O oo O o O o o
o O o O o o

OOOO
O

ONOOO
N Û
rHOO

I—I 4
CV CV O O O O

N Û
CVoo
o

O
Ph

4 CO cv 1—1 00 4 CO 4 CV 00 CO
-vT 4 4 4 CO CO 4 4 4 N Û N Û N Û
O O O O O O O O O O O O

O o O O O O O O O O O O

Ph

CO
N Û 4 00 O N o cv N Û

CO N Û UN N Û O N 00
o 1—1 cv CO UN N Û o 1—1 cv CO 4 UN

o O o o o o o o o o o o

p
•H

CV E S \  
>  ü 

ü

N Û 4 O N O N 00 O N UN O N Û 00 4 O
1—1 1—1 1—1 H 1—1 1—1 rH CV 1—1 rH 1—1 CV
1—1 rH 1—1 1—1 H 1—1 1—1 1—1 1—1 1— 1 I— 1 1—1

>
PrP
üO

N Û o 4 CO 4 O N CO 1— 1 o o O Ncv 4 CO CV CV O N cv rH cv 1—1 U N

1—1 CV 4 N Û 00 o
rH

rH CO 4 N Û 0 0 o  
1—1

Oo
4UN
CV

4
4
CV



A39

Table A4-.il Kinetic and Adsorption Thermodynamic

Constants from Linear Regression. Analysis

The dehydration of isopropanol.

Olefin Formation

Model T°C K^(bar~^) R-squared Catalyst
^c *

 - 10 _̂_______________________________________

SR2 231 36 1.5 97 13%
240 52 2.0 97.
255 104 2.3 94
286 3.7 10^ 12 96

SRI 231 12 6.1 99 13%
240 16 10. 99.
255 32 11 94
286 76 1.3 10^ 100.

SR2 200 1.0 0.97 92 4A
229 4.7 1.1 98
252 13 1.5 83
275 26 2.1 87
301 63 1.7 89
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Model T°C
 ̂c

X 10^

K^(bar ^ ) R- squared Catalyst

SRI 200 0.38 2.9 94 4A

229 1.6 3.7 99
252 4.5 4.6 89
275 8.4 7.4 94
301 22 5.4 95

SR2 228 20, 2.4 96 ZNa
238 27 2.4 97

254 43 3.4 97

274 76 4.4 96

SRI 228 5.8 12. 99 ZNa
238 7.8 14 99
254 10. 41 100.
274 17 96 100.

SR2 141. 3.0 10^ 0.76 80. . Resin

131 2.2 10^ 0.66 51
119 1.5 10^ 0.77 50.
110 88 1. 5 92

SRI 141 1.2 10^ 1. 9 80v Resin
131 98 1.4 49
119 67 1.7 62

110 31 4.6 96
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Model T°C % < f f s î >

X 10^

(bar~^) K^^bar'^) R-squared

DEW 141 l.C -5.5 0.034 99
131 0.62 -5.4 0.034 lOCb
119 0.80 -7.0 0.060 100,
110 1.0 -9.5 0.098 100'
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Table A4.12 Kinetic and Adsorption Thermodynamic

Constants from Non-linear Regression Analysis 
The dehydration of isopropanol.

Olefin Formation.

Model T°C
gmole\

K%(gc.hr^

X 10^

S.DEV. 

X 10^

Ka

(bar ^ )

S.DEV. SSR

-'10̂

CAT

SR2 231 36 1.7 1.5 0.24 0.25 13X

240 52 2.0 2.0. 0.32 0.88
255 103 5.8 2.4 0.59 8.7

286 3.2 10^ 29. 9.9 2.5 1.5
210

SRI 231 11 0.66 6.9 1.4 0.10 13X
240 15 0.61 12. 2.5 0.22
255 29- 2.3 16 7.1 3.8
286 75 1-4 1.4 10^ 16 3.5

SR2 200 1.0. - 0.97 - - 4A

229 4.7 0.20 1.1 0.12 0.00

252 14 2. 6 1.1 0.46 0.22
275 27 5.1. 1.3 0.71 1.6
301 68 7.1. 1.2 0.31 2.1

SRI 200 0.38 - 2.9 - - 4A
229 1.6 0.08 3 .7. 0.50 0.00
252 4 . 1 0.95 4. 7 2. 7 0.17
275 7.4 1.3 11 7. 8 1.1
301 22 2. 8 5.0. 1.6 1.4
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Model T°C
/gmole\ 

* 10^

S.DEV.

X 10^ (bar ^ )

S.DEV. SSR

ilO^

CAT

SR2 228 20. 1.3 2.4 0.59 0.35 ZNa
238 27 1.4 2.5 0.52 0.44

254 42. 2.7 3.9 0.84 2.1

274 77. 7.6 5.9. 1.6 11

SRI 228 5.5 0.31 17 4.8 0.08 ZNa
238 7.4 0.40 19 ■ 6.1 0.11

254 10. . 0.24 74 24 0.13
274 17 0.31 .2.2 10^ 97 0.33

SRI 141 .1.6 10^ 1.0 1.3 - 28 Resin

131 9.0 10^ 4.1 10^ 0.11 0.50 14

119 1.4 10^ 1.1 10^ 0.59 0.57 7.4

110 32 - 4.2 — 1.5

SR2 141 3.7 10^ 1.4 10^ 0.52 0.29 29 Resin

131 1.9 10^ 9.1 10^ 0.049 0.24 14

119 .3.2 10^ 2.4 10^ 0.26 0.23 7.0
110 93 8.0: 1.2 0.24 2.1
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Table A4.13 Kinetic and Adsorption Thermodynamic

Constants from Linear Regression Analysis

The dehydration of isopropanol over 
Zeolite 13X 

Ether Formation

Model T°C

-X- 10^

K^(bar“^) R-squared Catalyst

LHM 231 1.5 6.9. 100, 13X
240 2.2 6 . 6 100,
255 9.1 1.9 99

REMl 231 10 . 6.9. 100* 13X
240 15 6 . 6 100 u
255 18 1.9 99

REM2 231 1.4 -10. 99 13X
240 2.1. -12 98
255 4.7 8.7 98
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Table A4.14- Kinetic and Adsorption Thermodynamic

Constants from Non-linear Regression Analysis 
The dehydration of isopropanol over 
Zeolite 13X 

Ether Formation

Model T°C /gmolex

10%

S.DEV. 

X 10%

%A 

(bar ^ )

SSR CAT

x i qIO

LHM 231 1. 5 0.06 6.9 <p.5 13X
240 2. 2 0.07 6.7 <0.5
255 10 . 2.27 1. 8 <0.5

REMl 231 10. 0.36 6.9 < 0.5 13X
240 .15 0.45 6.7 < 0.5
255 18 0.59 1. 8 1.0

REM2 231 1.8. 0.11 8.1 10^ 1.0 13X
240 2.6. 0.16 4.1 10^ 3.0
255 5. 4 0.44 9.7 < 0.5



A47

0-p•HI—I O 
0 ce
Ht
p
0>
o

opGPi-pw
CmO
P
O'H

-PGP

rP0O
0rPP»
PO
G+0GQ
ü•H

-P
0P•H!P

Hf
0 I—IûGEh

0bûPGbû
PGrQ
I

0
pp
w
w
0
p
P h

G
-P
OSh

b û
O
O

UN
-p
0

rHG
+ 3G
O

Cm
O

0
0G

S

M
P ice o
Pi

C Ho ON UN iH
1—1 CV nO O N cv nO O N

H « • • • • •
Pi • o O O 1—1 rH rH

oPi

PrP
übû
0 I—I 
Osbû

P h

W
P h

pGrQ

O
P h

<G
P h

PCV -H iz; B >  \  ü ü

P
rP

>

O
O

N Û O 00 N Û ■H" CH

1— 1 cv iH 1— 1 iH rH

0 0
'H - C H N Û 0 0 CV U N

O iH H iH CV CV

-H - C H -H - 1— 1 0 0 C H
CV U N N Û O 0 0
O O O o o o
o O O o Q o

o
C JN 00 CH P - CV £>
o rH CV CV CH CHo O O O O O
o O O O O O

UN UN rH CH NÛ P-
1—1 CH -V- -H- -Nt -Nt
O O O O O O

o O O O O O

CV
N Û N Û -Nt cv U N 0 0
O 1— 1 cv C H -H - U N

O O o O O O

CV n O  0 0  O  C H  C H
CV CV CV C H  C H  C H
I—I l —I l —I l —I l —I l —I

I—1 cv -e- o- 00
CJN UN 00 rH 00 CJN

O CV CH UN D- O
rH

O
-e -
C H



A48

P

*

P NO P o UN p o NO 00 00 O' O'UN NO UN UN UN p p p p p pCO O . • • « • • • • • • .P o o o O o o o o o o o

CHo cv p o CV NO 1—1 o o UNp CH UN tN- 00 p CH_ cv -e- UN N Û O'M •Pi • O O O o p P o o o o oPP
ubO cp cv o0 ON CH O UN CH ON -V- O' CJN o (PH H CH P- UN UN o o o p pO O > • • • • • • • • • »Pi E O O o o o O o o o o obO

NONO. UN o cv UN ON NO 00 o
H CV CP CP CP <P o 1—1 1—1 1—1 cv
O O o o O O o o o o o:s • • • • • • • • • • •Ph o o o o o o o o o o o

po NO. ON p UN 00 cv UN o-p p r-1 cv cv CV o 1—1 1—1 I—1 1—1o o O o o o o o o o o
W . * • • • • • • • • •

Ph o o o o o o o o o o o

P 00 '<t -e- p -H- NO 00
G UN ON 1—1 p cv CV' 1—1 cv cv cv cvP O o p 1—1 p 1—1 o o o o oo o o o o o o o o o oOP o o o o o o o o o o o

p p o ON UN 00 p cv ON cv 00
1—1 cv Cp CH UN NO p cv ON UN. • • • • • • • • • •

p o o o o o o o o o o o

G•H
cv Eiz: o o CV cv cv -H- ON o o o cv

> Ü cv cv cv cv cv cv p cv cv cv cvÜ 1—1 1—1 p p p p p 1—1 p p 1—1

p cv ON 1—1 o ON 1—1 CH UN 'V- '<t<i p cv UN 00 p o 00 cv UN 00 cv o> • • • • • • • • • •Ü p CV CH UN 00 o p cv (p UN 00Ü p

CH ON
u p O'

Eh o CH cv



A^9

<D
r~\rûcdEh

M
CO

cr;
oct;

1—1
o ON NO r-Ĥ On
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Table A^.17 Kinetic and Adsorption Thermodynamic
Constants from Linear Regression Analysis

The dehydration of ethanol.
Olefin Formation.

Model T°C Rlgc'hr
10^

K^(bar"^) R-squared Catalyst

SRI 349 4 • 6 2.1 96 4A
313 0.98 2.2 98
279 0.23 2.1 99

SR2 349 12 0.80 98 4A
313 2.6. 0.79 99
279 0.57 0.78 98

SR2 349 3.5 0.34 82 ZNa
:̂ 12 1.1 0.72 92
285 0.42 0.38 98

SRI 349 1.6 1.3 83 ZNa
312 0.44 1.9 93
285 0.19 1.1 98
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Table A4.18 Kinetic and Adsorption Thermodynamic

Constants from Non-linear Regression Analysis 
The dehydration of ethanol.

Olefin Formation.

Model T°C y /Kmole\
% Sc'kr

10^

S.DEV. 

- 10^

%A 

(bar ^ )

SDEV SSR

^0^

CAT

SRI 349 4.2 0.29 2. 6 0.35 0.39 4A

313 0.95 0.050 2. 0.25 0.01

279 0.24 0.016 1.9 0.23 0.00

SR2 349 11 0.53 0.90 0.09 0.39 4A

313 2.6 0.10 0.80 0.07 0.20

279 0.60 0.040 0.71 0.08 0.00

SRI 349 2.4- 0.91 0.46 0.21 0.02 ZNa
312 0.44 0.066 1.9. 0.54 0.02
285 0.20 0.019 0.80 0.10 0.00

SR2 349 5.3 1.9 0.21 0.09 0.02 ZNa
312 1.2 0.04 0.65 0.15 0.02
285 0 .46 0.042 0.34 0.04 0.00
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Table A4.19 Kinetic and Adsorption Thermodynamic
Constants from Linear .Regression Analysis

The dehydration of ethanol.
Ether Formation.

Model T°C « R < f 3 Î )

* 10^

K^(bar"^) R-squared Catalyst

LHM 349 3.1 5.6 98 4A
313 1.9 5.5 99
279 1.1 7.6 99

REM 349 18 5.6 98 4A
313 11 5.5- 99
279 8.1 7.6. 99 -

REM2 349 3.3 -33 100;
313 1.7 -15 100,
279 1.2 -14 100,

LHM 142 16 2.3 91 Resin
131 11 2.9 96
120 7.8 4.4 99
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Model T°C R^g .hr^ 

* 10^

K^(bar ^ ) R-squared Catalyst

REMI 142 25 2.3 91 Resin
131 23 2.9 95
120 19 4.4 99

REM2 142 7.9 9.3 96 Resin
131 6.0 23 99
120 3.8 -44 100.
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Table A4.20 Kinetic and Adsorption Thermodynamic
Constants from Mon-linear Regression Analysis 
The dehydration of ethanol.

Ether Formation.

Model T°C

* 10^

S.DEV. 

- 10^ (bar ^ )

S.DEV. SSR CAT

LHM 349 3.8 0.47 4.2 0.69 0.71 4A
313 2.0 0.18 5.1 0.75 0.28
279 1.1 0.13 7.4 1.6 0.18

REMl 349 16 0.82 4.2 0.69 0.71 4 A
313 10. 0.65 5.1 0.75 0.28
279 8.0 0.88 7.4 1.6 0.18

LHM 142 25 0.80 1.2 0.23 1.4 Resin
131 12 0.23 1.9 0.35 1.3
120 5.0 0.59 3.5 0.55 0.74

REMl 142 29 2.5 1.2 0.29 1.4 Resin
131 23 5.7 2.0 0.3 5 1.3
120 18 0.80 3.5 0.55 0.74

REM2 142 9.8 1-3 4. 5 1.6 1.1 Resin
131 6.2 0.28. 17 6.1 0.46
120 4.0 0.07 1.5 10^ 0 0.41
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THE PERCENTAGE DISTRIBUTION OF BUTENE
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Table A5.I The Percentage Distribution of butane
Using Zeolite 13X.

 ̂A 
bar 1-Butene

% Trans- 
2-Butene

% cis % Cls
2-Butene Trans

228 0.14
0.24
0.31
0.39
0.48
0.57
0.63

Mean

87
83
83
83
83
84 
84 
84

7.9
10.
10.
10.
10.
9.2

10.
10.

5.2
7.0
6.9 
7.4
7.3
7.3
7.9
7.0

66

71
68
77
75 
79
76 
73

241 0.93
0.20
0.29
0.40
0.48
0.57

Mean

82
81
80
83
81
81
81

10
11
11
10
11
11
11

7.8
7.7
8.3
7.4
7.8 
8.1
7.9

75
70.
73
74
72
73 
73
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T  ̂ % Trans % Cis- % Cis
°C bar 1-Butene 2-Butene 2-Butene Trans

252 0.085 80. 12 8.8 73
0.19 79 12 10. 83
0.29 79 12 10. 83
0.36 79 12 10. 83
0.47 79 12 10. 83
0.56 79 12 9.4 8&

Mean 79 12 9.3 78

258 0.12 80. 12 8.3 69
0.21 78 12 9.7 8Ï
0.30 79 12 9.6 81
0.42 78 12 9.6 81
0.57 79 12 9.3 80.

Mean 79 12 9.6 81

272 0.068 77 13 11 85
0.17 78 12 10. 83
0.26 78 12 10, 83
0.34 78 12 10. 83
0.40 78 12 10. 83
0.52 78 12 10' 83

Mean 78 12 10. 83
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T

bar

%

1-butene

% trans- 

2-butene

% cis- 

2-butene
% cis 
trans

286 0.049 72 14 14 100,
0.094 73 13 13. 100 '

Mean 73 14 13 100 .
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T

°C

Pa

bar

%

1-butene

% Trans- 

2-butene

% C i s - 

2-butene
Cis
Trans

271 0.081 30. 63 7.1 0.11
0.19 31 62 7.3 0.12
0.28 31 62 7.2 0.12
0.37 31 62 7.4 0.12
0.51 32 61 7.3 0.12
0.62 32 61 7.3 0.12

Mean 31 62 7.3 0.12

278 0.10 30. 64 6 .4. 0.10
0.21 30. . 63 6 . 5 0.10
0.31 30; . 63 6.9 0.11
0.39 31 62 7.0 0.11
0.49 31 62 7.5 0.12
0.60 31 6 2 7.0 0.11

Mean 31 6 2 7.1 0.11

297 0.099 27 64 8.0 0.13
0.21 28 64 8.1. 0.13
0.35 2 8 64 8.0 0.12
0.44 2 8 64 8.2 0.13
0.53 27 65 7.8 0.12
0.62 27 65 7.7 0.12

Mean 28 65 8.0 0.12
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Table A$»3 The Percentage Distribution of Butene
Using Zeolite ZNa.

trans- % CIS-
CIS

trans
°C bar 1-butene 2-butene 2-butene

235 0.11 37 43 20 . 0.48
0.21 39 41 20 . 0.49
0.30 38 42 20. 0.48
0.48 38 42 20. 0.47
0.60 39 42 20 . 0.48

Mean 38 42 20 . 0.48

254 0.046 41 36 23 0.65
0.098 40 . 36 23 0.63
0.27 41 37 22 0.60
0.43 40 . 37 22 0.60
0.56 40. 38 22 0.59

Mean 41 37 23 0.61

275 0.11 40 . 34 25 0.74.
0.18 40 . 35 25 0.72
0.28 40 . 35 24 0.7 2
0.37 40 . 35 25 0.71
0.4 8 40. 35 25 0.7 2
0.61 40 * 35 25 0'7l

Mean 40 35 25 0.72
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Table A5.2 The Percentage Distribution of Butene
Using Zeolite 4-A.

A
bar 1-Butene

% Trans 
2-Butene

% Cis-
2-Butene

Cis
Trans

232 0.088 
0.21 
0.29 . 

0.38 
0.48 
0.5 7

Mean

4.4
44
43
43
43
43
43

51
51
51
52 
52 
52 
51

5.0
4.7
5.5
5.1
5.3
5.3 
5. 2

0.098
0.092
0.10
0.098
0 .10.
0.10
0.10

250 0.11
0.21
0.30
0.39
0.48
0.60

Mean

38
38
38
38
38
38
38

57
56
56

56
56
56
56

5.3
5.5
5.6
5.5

5. 6 
6.0
5.6

0.093
0.098
0.099
0.098
0.099

O.ll
0.10
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T

°C

Pa

bar

%

1-butene

% trans- 

2-butene

% cis- 

2-butene
cis

trans

300 0.078 41 32 27 0.85
0.18 40. 33 27 0.83

0.26 40. 33 27 0.83

0.41 41 33 27 0.82
0.58 41 33 27 0.82

Mean 41 33 27 0.83
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Appendix 6

Effets of External Mass and Heat Transport

Effects of external mass and heat transport on the 
dehydration of isopropanol over zeolite 13X in a fixed 
bed reactor.

Froment and Bischoff (105) gave the expressions for the 
the external concentration and temperature differences as

P̂a PfPAs't,) M So
2/3

AT R(Pa s -Ts ) M Pr

^mA ^p *̂*h

2/3

where (J) is the sphericity. For spherical pellet b = 1.0

Reaction Conditions.

Temperature 268 %
Weight of catalyst 7.70 g
Conversion to propene 28 %

Conversion to di-iso-propyl ether 0.77 %

Partial pressure of isopropanol 0.18 bar
Mass flowrate of isopropanol 8.4 10"^ g/s

Mass flowrate of nitrogen 38 10"^ g/s
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_ Y
Average rate of dehydration reaction 5.4 10 gmole/g s

Heat capacity C 0.25 cal/graole K
2External surface area of catalyst 32 cm /g

Mass flowrate per unit cross sectional area of the reactor

Ajj = n d l / i  = n(l.03)2/4 = 2.6

= 46 10'4/2.6 = 18 10"^ g/cm^s

Reynolds number Re^ (see table 6.3)

Rsp = 1.6 10^

1.6 10^ X 46 I0--3

7.6

Chilton - Colborn factors
For mass transfer, the Chilton-Colborn factor is given by 

jj = 0.84 Re'S'^P for < 190
= 0.84 (7. 6)'°'5P

= 0.3

The Chilton-Colborn factor, for the heat transfer is 
related to its mass transfer factor by

Jh " P-076 Jd 

= 0.32
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Schmidt number Sc.

Sc .
Of^mA

The mean density of the fluid is given by

MP
P t
f R T

= 31 X 2
82 X 541

= 1.4 10"3 g/cm^

Viscosity, y = 1.7 10''* g/cm s

The molecular diffusivity of isopropanol in the mixture 

is 5.5 10"2 cm^/s.

Therefore Schmidt number = 2.2

Heat of reaction AH% is 12 10^ cal/gmole

Hence

^ 5.3 10"7 X 31 X (2.2)2/3
fA 32 X 2.9 10'^ X 0.30

p—  = 10'^ = 0.10 %
fA
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and
5.4 10"^ X 12 10^ X 0.?2'3 AT = -----------------------------
0 . 2 5  X 32 X 2.9 X 0 . 3 2

AT = 0.71°K = 0.71°C

The Prandtl number is assumed to be 0.7. This is true 
for most gas mixtures.

The results of the assessment show that the effects 
of external mass and heat transfer on the dehydration of 
isopropanol over zeolite 13X is insignificant under the 
reaction conditions investigated.
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Table A6.1 The Comparison Between the Predictions of 
the Model and the Experimental Data.

Mass of Catalyst 7.70g , 5.06g.
Flowrate of Nitrogen at 268, 254- and 2%2°C 200 cc/min
Flowrate of Nitrogen at 277, 257 and 239^C 220 cc/min
Flowrate of Nitrogen at 278, 262 and 24-3°C 4-60 cc/min

T ^A ^0 ^E

°C cc/hr bar Expt. Fred. %Dev. Expt. Fred. % D e v .

268^ 3.27 0.18 28 29 -5.8 0.77 0.34 56
9.28 0.40 13 13 0.0 0.71 0 .56 21

13.8 0.54 9.0 8.7 2.8 0.57 0.59 -3.5
18.2 0.65 7.3 6.7 8.1 0.48 0.59 -22
22.4 0.75 6.1 5.5 10 0.40 0.57 -43

25/i 3.68 0.18 12 17 -38 0.56 0 .46 18
7.90 0.35 6.4 8.7 35 0.39 0.55 41

12.2 0.50 4.4 5.8 “41 0.29 0.52 -79
16.2 0.61 3.5 4.5 -29 0.24 0.48 -100
20.6 0.71 2.8 3.5 -26 0.19 0.44 -131

25.8 0.82 2.3 2.9 -22 0.19 0.39 “144

278 11.3 0.23 10.4 10 4 0.35 0.11 2.2 10^
16.1 0.25 7.8 8.4 -8.4 0.31 0.11 2.8 10^
21.7 0.39 6.2 5.2 17 0.28 0.15 87
28.4 0.48 5.1 4.0 22 0.23 0.17 35



A73

^A ^A ^0
oG cc/hr bar Expt. Pred. % Dev. Expt. Fred. % Dev

242 3.85 0.19 5.4 8.8 64 0.28 0.47 -68

6.48 0.30 3.5 6.0 -70 0.21 0.45 -1.1 210

9.45 0.41 2.5 4.4 -75 0.16 0.40 -1.5 10^
14.0 0.55 1.7 3.1 -79 0.12 0.33 -1.8 10^
18.2 0.66 1.4 2.4 -70 0.10 0.28 -1.8 10^

22.5 0.76 1.2 2.0 -65 0.09 0.24 -1.7 210
26.2 0.83 1.1 1.7 -59 0.08 0.22 -1.8 10^

11.4 0.23 3.9 5.4 -38 0.17 0.15 35
14.2 0.27 3.3 4.4 -31 0.16 0.16 0
18.3 0.34 2.7 3.3 -19 0.13 0.17 -31

22.9 0.41 2.3 2.5 -12 0.12 0.17 -42

28.2 0.48 2.0 2.0 0 0.10 0.17 -70

11.2 0.23 1.2 2.2 -87 0.063 0.14 -1.1 10^
14.1 0.28 0.95 1.9 -95 0.053 0.13 -1.5 10^
18.2 0.34 0.76 1.5 -100 0.044 0.13 -1.8 10^
24.0 0.43 0.62 1.2 -90 0.036 0.11 -1.1 10^
28.3 0.49 0.55 1.0 -82 0.032 0.10 1.2 10^

11.3 0.42 14 15 2 1.1 0 .46 43
11.1 0.42 16 15 9 0.87 0 .46 47
28.4 7.3 7.3 5.9 20 0.54 0.52 4
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T "a "0 4
cc/hr bar Expt. Pred. % Dev. Expt. Pr e d . % D e v .

357" 13.6 0.49 4.3 5.9 -35 0.34 0.49 -44
16.8 0.57 3.9 4.7 -35 0.35 0.47 -34
19.4 0.63 3.5 4.2 -20 0.28 0.45 -61

22.5 0.70 3.1 3.2 -4 0.26 0.40 -54
25.4 0.75 2.7 3.3 -21 0.23 0.41 -78

28.4 0.81 2.6 2.9 -13 0.22 0.39 -56

239* 16.8 0.58 1.1 2.2 -99 0.068 0.23 -1.4 10^

19.5 0.64 0.94 1.9 -102 0.059 0.21 -1.6 10^
22.6 0.70 0.91 1.7 -85 0.07 0.19 -1.7 10^
25.1 0.76 0.84 1.5 -80 0.068 0.18 -1.7 10^
28.4 0.82 0.76 1.4 -56 0.068 0.16 -1.4 10^
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Table A6 .2 The Values of the Estimated Parameters.

Molecular weight of isopropanol 60 g/mole

Density of isopropanol 0.79 g/cc
_ o

Density of nitrogen at room conditions 1,2 10" g/cc 
Viscosity of the mixture 1..7 10 ^ g/cms
Diameter of reactor 1.03 cm
Particle diameter 0.15 cm
Bulk density • 0.67 g/cc
Density of the material 2.0 g/cc
Density of the pellet 1.3 g/cc
Porosity of the bed 0.66
External surface area of the pellet 32 cm /g
Pelect Number for the radial diffusion 10
Radial effective diffusivity 1.1 10 ^D^cmy^
Pelect Number for the axial diffusion 1.5
Axial effective diffusivity O.IU^ cm^/s
Reynolds Number (Re = ^m^p) 1.6 10^ G
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